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Chapter 1
Introduction
Reactive magnetron sputtering is one of the most important coating technolo-
gies available. Each year, tens of million square meters of glass are coated for
energy saving or solar heat protection purposes. In the architectural glass
coating, reactive direct current magnetron sputtering is almost exclusively
used. Only recently the use of pulsed dc, ac and mid-frequency systems has
started to become more common. Although dc magnetron sputtering is em-
ployed in such a large scale, the knowledge of the underlying physical effects
is limited. This can mainly be attributed to the high complexity in the de-
position process, in which a plasma is a core component. This plasma acts
as an ion source for sputtering the target material, but also interacts, among
others, with the gas atmosphere and the growing film. A short description
of the process is presented in chapter 2.
After a description of the analysis methods employed (chapter 3), studies
on the relation between process parameters and film properties are shown in
chapter 4. For these experiments zinc oxide was chosen as sample material.
Zinc oxide is a II-VI semiconductor with a bandgap energy of 3.4eV. Its
hexagonal wurtzite structure leads to an anisotropy of the dielectric constant,
refractive index, and, most importantly, of the surface free energy. This
results in films growing with a preferential orientation of the grains even on
amorphous substrates. In the visible range, ZnO is completely transparent.
In optical coatings it could possibly be a substitute for the more expensive
SnO2, as refractive indices of both materials are similar. The combination
of conductivity and optical transparency in doped ZnO makes this material
attractive for transparent conducting films. In these applications, ZnO is
mainly competing with doped tin oxide and indium tin oxide (ITO). As
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it consists of abundant elements, it is less expensive than ITO, and the
conductivity is higher than that of SnO2. Furthermore, p-type conductivity
could be obtained [1, 2]. Finally, surface acoustic wave devices make use of
the good piezo-electric properties of ZnO.
Due to the large interest in zinc oxide, many studies on ZnO thin films
have been published, utilizing deposition methods as different as spray py-
rolysis [3, 4], pulsed laser deposition [5, 6], metal organic chemical vapor
deposition [7, 8], reactive evaporation [9] and several sputtering techniques
[10, 11]. Of these RF magnetron sputtering is most commonly used, since
films of high quality can be produced, and the process can easily be applied
to industrial production lines. Unfortunately, for large area coatings, like
architectural glass, this process is not well suited. The low deposition rate,
coupling losses and the complicated and expensive equipment needed are the
main drawbacks compared to reactive DC magnetron sputtering. However,
also the reactive process has its disadvantages. This is mainly the existence
of an instable transition region between the metallic and oxidic deposition
mode. To get rid of this problem, a conducting aluminum doped zinc oxide
target has been employed as well as a conventional metallic zinc target, and
the resulting film properties have been compared.
With the results from this chapter, a different approach to modify film
properties is explored in chapter 5, where the growth of silver films on zinc
oxide buffer layers is studied. Such a layer stack can be found in low emis-
sivity coatings, for example. The silver minimizes emission in the infrared
region, while dielectric above and below the silver film act as anti-reflective
coating in the visible range. To obtain high transmittance in the visible
range and high infrared reflection simultaneously, the silver films need to be
optimized with respect to the electron mobility.
The theoretic background of the deposition process is discussed in greater
detail in chapter 6. An existing model has been enhanced to describe the
presence of two reactive gases. In addition, the voltage characteristics of the
glow discharge has been included into the model, and material dependencies
are investigated. In particular, trends for different transition metal oxides are
studied. Similarly, TRIM calculations can help to reduce the number of free
parameters in the model, and are presented for a large number of materials.
The results are summarized in chapter 7, where also suggestion for further
studies are presented.
Chapter 2
Thin film preparation
2.1 Principle of sputter deposition
In sputter deposition, ions are created in a plasma and then accelerated
towards a target. Upon the impact, atoms of the target material are dislodged
as a result of the emerging collision cascades. If sufficient momentum is
transferred to an atom in the vicinity of the surface, it will be detached
from the target. To exploit this sputtering process for deposition purposes,
substrates are positioned in the proximity of the target, where the sputtered
atoms condense and form the growing film. This is depicted in Fig. 2.1.
Gases are introduced into the process chamber at a low pressure of 0.1Pa
to 10Pa, typically. A small number of positive ions is always generated by
cosmic radiation. These ions are accelerated towards the target, where they
not only lead to the sputtering of the target, but also produce secondary
electrons (a detailed discussion will be given in chapter 6). These electrons,
together with those generated by the ionization process, help to further ionize
the gas. Depending on the pressure p of the gas and the distance between
the electrodes d a breakdown voltage of
Ub = A
pd
ln pd+B
(2.1)
is required for a self-sustaining discharge. The constants A and B are ma-
terial dependent. At low pressures the breakdown voltage decreases with
pressure. This is caused by the increasing number of collisions between elec-
trons and gas atoms leading to a higher ionization and lower resistance of
the plasma. At higher pressures, however, the breakdown voltage increases
7
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Figure 2.1: Basic principle of sputter deposition. Ions are generated in a
plasma and accelerated towards a target. By the impinging ions material is
removed from the target, and condenses at the substrates.
with pressure, as under these conditions the electrons can no longer be suf-
ficiently accelerated between collisions, so that less ionization occurs. In
order to increase the rate of ionization a magnet is placed below the target.
The electrons are trapped in its magnetic field and move in cycloid curves
immediately above the target. By the increased path length the ionization
probability is strongly enhanced. For this reason the gas pressures used in
magnetron sputtering are lower than in diode sputtering by a factor of up
to 100, implying that the sputtered atoms encounter significantly fewer col-
lisions with gas particles. As one consequence the average kinetic energy of
the particles arriving at the substrate is in the range of some eV as compared
to the 25meV for thermal diffusion. Another beneficial result of the lower
pressure is the increased deposition rate due to reduced scattering of the
sputtered atoms in the gas. So far only the deposition of conductive mate-
rials such as metals, doped semiconductors or substoichiometric oxides1 has
been considered. Nevertheless, insulating films can be formed by the addition
of a reactive gas, like oxygen, to the process. The oxygen molecules can inter
alia react with the growing metal film and form an insulating oxide. More
details can be found in literature, e. g. [12, 13] and throughout this thesis, in
particular Chap. 6.
1Examples for these categories are Zn, ZnO:Al and TiO, respectively.
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2.2 Experimental setup
The deposition chamber used in these experiments is equipped with up to
six Leybold PK75 cathodes, and is capable of sequentially depositing onto 24
substrates of 25 × 75mm size (Fig. 2.2) [12]. Prior to deposition the cham-
ber was pumped down by a 360 l/s turbo pump — backed by a 16m3/h
rotary vane pump — to a base pressure of p ≈ 10−5 Pa, measured by a cold
cathode/Pirani system. During deposition the pressure was monitored with
a capacitance gauge. The gas composition was determined by a quadrupole
mass analyzer (QMS), connected to the chamber via a pressure reducer. This
instrument, which was also used for residual gas analysis, showed no indica-
tion for contamination by hydrocarbons. The deposition rate was measured
with a quartz crystal microbalance. For the preparation of the samples two
different targets have been used: one metallic Zn-target (purity 99.99%) and
one ceramic aluminum doped (2 at.%) ZnO-target. All samples were pre-
pared at an electrical power of 215W (300–400V, 540–720mA).
Window
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water
Target 
aperture
Sample 
aperture
Sample holder
Gas inlet Gauges
Window
Gas inlet
Gate valve
to pump
Gate valve
1
to gauges
Targets
Angle valveQMS
to pump
6
Figure 2.2: Schematic drawing of the deposition chamber used: Top (left)
and side (right) view. The mass spectrometer (QMS) can be connected to
the chamber by a high conductance port for residual gas analysis and a low
conductance bypass for process monitoring. In this study target positions 4
(ZnO:Al) and 5 (Zn) have been used.
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Microscope slides with a distance of 54mm from the target were used as
substrates. To obtain films of the same thickness, the deposition times were
adjusted according to the rates measured with the quartz crystal microbal-
ance. The resulting film thickness within each batch was almost constant,
with a thickness of ≈200 nm for the ceramic target and 400 nm for the metal-
lic target, with a slight increase at higher pressures. The uniformity of the
film thickness across the substrate has been checked and a variation of less
than 2% in the central area (±7.5mm from center) of the sample (Fig. 2.3)
has been found. This location was analyzed in all further experiments.
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Figure 2.3: Deposition rate dependency on the distance from center of the
microscope slides, as measured by spectroscopic ellipsometry. The dotted
lines represent the height of the x-ray beam. In this range the thickness
variation is smaller than two percent. The solid lines show the results of
fitting a gaussian distribution to the rate profile.
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2.2.1 Modifications of the deposition system
The deposition chamber assembled by Stollenwerk [12] has been modified in
the course of this work. The sample aperture was previously constructed from
cold-rolled steel foil of 1mm thickness. Upon deposition, the material heats
up and stresses induced during cold-rolling are released and lead to a bending
of the aperture. This could be avoided by using 2mm annealed steel instead.
The mass spectrometer was upgraded from a Leybold QMS100 to a Pfeiffer
Prisma QMS200F, which has a better detection limit by about one order of
magnitude and is able to measure up to 200 amu enabling the measurement
of xenon. The gas inlet has been modified, so that the ionization volume of
the mass analyzer is within line of sight from the main chamber for residual
gas analysis.
Pressure measurement Various pressure gauges are attached to the cham-
ber, including one Bayard-Alpert (Leybold Ionivac 110) gauge, one cold cath-
ode/ Pirani combined gauge (Pfeiffer PKR 261) and a capacitance manome-
ter (MKS Baratron 627B). A newly acquired DKD calibrated SAES Getters
SVG2 spinning rotor vacuumeter was used as a pressure reference. The rela-
tion between flow rates and pressure are shown in Fig. 2.4(a).When compar-
ing the different gauges, it can be seen that only the Baratron agrees with the
pressure standard for all gases (Fig. 2.4(b)). Therefore the pressures stated
in this work refer to this instrument.
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(b) Relative deviation of different gauges from ptot measured by a calibrated
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Figure 2.4: Calibration of gas flow and pressure.
Chapter 3
Characterization
Most of the characterization methods employed in this work to investigate
the samples make use of the interaction of the electromagnetic field with
matter. Therefore this interaction will be discussed here. More details can
be found in [14], for example.
3.1 Matter and the electric field
3.1.1 Basic concept
The electric field E and the magnetic induction B are described by Max-
well’s equations with the the electric polarization P, the magnetization M,
the conduction current density j and the charge density ρ:
²0∇ · E (x, t) = ρ (x, t)−∇ ·P (x, t) (3.1)
∇× E(x, t) = − ∂
∂t
B(x, t) (3.2)
∇ ·B(x, t) = 0 (3.3)
1
µ0
∇×B(x, t) = ∂
∂t
(²0E(x, t) +P(x, t)) + j(x, t) +∇×M(x, t)(3.4)
With the auxiliary fields
D(x, t) = ²0E(x, t) +P(x, t) (3.5)
H(x, t) =
1
µ0
B(x, t)−M(x, t) (3.6)
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these equations take the form
∇ ·D(x, t) = ρfc (3.7)
∇× E(x, t) = − ∂
∂t
B(x, t) (3.8)
∇ ·B(x, t) = 0 (3.9)
∇×H(x, t) = ∂
∂t
D(x, t) + jfc. (3.10)
These equations contain plane wave solutions for the electric and magnetic
field. Performing ∇× (3.8) yields
∇× (∇× E) = −∇×
(
∂
∂t
B
)
(3.11)
= − ∂
∂t
(∇×B) (3.12)
Using the identity (3.12)= ∂
∂t
(3.1) yields:
∇× (∇× E) = −µ0 ∂
∂t
(
²o
∂
∂t
E+
∂
∂t
Pbc + jfc +∇×M)
)
(3.13)
= −µ0²0 ∂
2
∂t2
E− µ0 ∂
∂t
(
∂
∂t
Pbc + jfc +∇×M
)
(3.14)
With the vector identity ∇× (∇×E) = ∇(∇·E)−∆E and the abbreviation
c20 =
1
²0µ0
(3.14) becomes
∆E− 1
c0
∂2
∂t2
E = ∇(∇ · E) + µ0 ∂
∂t
(
jfc +
∂
∂t
Pbc +∇×M
)
(3.15)
=
1
²0
∇ρfc + µ0 ∂
∂t
(J+∇×M) (3.16)
In vacuum the right hand side of 3.16 vanishes:
∆E− 1
c0
∂2
∂t2
E = 0 (3.17)
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3.1.2 Propagation of electromagnetic waves
Equation 3.17 describes the propagation of plane waves with phase velocity
c0 = ω/k.
E(x, t) = E0 · exp {i(kx− ωt)} (3.18)
Therefore it is reasonable to further use the Fourier transformed fields E(ω)
and B(ω). The interaction with matter can now be described by the consti-
tutive equations
j(ω) = σ(ω)E(ω) (3.19)
P(ω) = ²0χe(ω)E(ω) (3.20)
M(ω) =
1
µ0
χm(ω)B(ω), (3.21)
where a response χ proportional to the field is assumed. The auxiliary fields
become
D(ω) = ²0²(ω)E(ω) =
(
1 +
iσ(ω)
²0ω
+ χe(ω)
)
E(ω) (3.22)
H(ω) = 1
µ0µ
B(ω) =
1− χm(ω)
µ0
B(ω) (3.23)
Combining properties of the bound χe(ω) and free carriers σ(ω) into one
parameter ²(ω) is reasonable, since for sufficiently large frequencies the dis-
tinction between free and bound carriers vanishes. With these definitions
equation (3.16) becomes(
k · k− ω
2
c20
²(ω)µ(ω)
)
E = 0. (3.24)
Thus a transverse wave can only propagate if the dispersion relation
k · k = ω
2
c20
²(ω)µ(ω) (3.25)
holds.
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3.1.3 The dielectric function ²(ω)
In non-magnetic materials the magnetic susceptibility χm is close to zero and
can be neglected. The interaction of light with matter then is described by
the dielectric function only.
k · k = ω
2
c20
²(ω) (3.26)
As long as the elementary excitations of the material do not interact with each
other, the dielectric function is a linear superposition of their respective sus-
ceptibilities. Therefore, depending on the spectral range investigated, models
for the susceptibility of free carriers χfc, optically active phonon modes χpm
and valence electrons χve have to be considered.
²(ω) = 1 + χfc + χpm + χve (3.27)
The simplest model possible is the harmonic oscillator, where
χho(ω) =
ω2p
ω20 − ω2 − iωωτ
(3.28)
Here ω0 denotes the resonance frequency, ωτ the damping and ωp the oscil-
lator strength. Although this model is extremely simple, it usually describes
phonon modes in crystalline solids with high accuracy, while in materials
with low order an additional Gaussian broadening may be observed [15].
Another application of this model is the description of free carriers. In this
case no restoring forces occur, and as a consequence the resonance frequency
becomes zero.
χho(ω) = −
ω2p
ω2 + iωωτ
(3.29)
The plasma frequency ωp and the damping ωτ are correlated with the carrier
concentration n, effective mass m∗ and mobility µ by
ω2p =
e2n
²0m∗
(3.30)
ωτ =
e
m∗µ
. (3.31)
Models for the valence electrons can also be derived from the harmonic os-
cillator model by suppressing absorption for photon energies lower than the
bandgap [16, 17] and assume an appropriate density of states versus energy
distribution for energies above the bandgap.
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3.1.4 Interfaces and thin films
At an interface between two different media, part of the incident light is
reflected and another part transmitted through the interface. The most im-
portant quantity for describing the propagation from a layer l+1 to a layer1
l is the component of the wave-vector normal to the surface
kz =
ω
c0
√
²l(ω)− ²l+1(ω) sin2 α, (3.32)
where α is the angle of incidence measured from the surface normal. Then
the reflection ρ and transmission τ coefficients for the electric field are
s− polarization
ρl+1,l = −ρl,l+1 = kz,l+1 − kz,l
kz,l+1 + kz,l
(3.33)
τl+1,l = 1 + ρl+1,l =
2kz,l+1
kz,l+1 + kz,l
(3.34)
p− polarization
ρl+1,l = −ρl,l+1 = kz,l+1/²l+1 − kz,l/²l
kz,l+1/²l+1 + kz,l/²l
(3.35)
τl+1,l = 1 + ρl+1,l =
2kz,l+1/²l+1
kz,l+1/²l+1 + kz,l/²l
(3.36)
In a stack of thin films on a substrate, all partial waves have to be added
up coherently. The phase function between the interfaces of the layer l with
thickness dl is given by
φl = exp (ikz,ldl) . (3.37)
The amplitude reflection and transmission coefficients tl, rl of layer l become
rl+1,l−1 = ρl+1,l +
τl+1,lτl,l+1ρl,l−1φ2l
1− ρl,l−1ρl,l+1φ2l
(3.38)
tl+1,l−1 =
τl+1,lτl,l+1φ
2
l
1− ρl,l−1ρl,l+1φ2l
(3.39)
Starting at the substrate, this method can be successively applied to all
layers. In this way, the reflection and transmission coefficients r, t for the
complete stack can be calculated.
1For multilayer-systems it is generally more convenient to start indexing at the sub-
strate.
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3.2 Experimental setup
3.2.1 Infrared spectroscopy
In this wavelength range Fourier-transform spectrometers are used almost
exclusively. These instruments consist of a light source, typically a silicon
carbide globar, a collimator, a beamsplitter and two mirrors — one fixed and
one displaceable — forming a Michelson interferometer, focussing optics and
a detector (Fig. 3.1). The intensity of the light is measured as a function of
the displacement of the moving mirror. This interferogram is then Fourier
transformed to obtain the spectrum. To calculate the reflectance R = |r|2
or transmittance T = |t|2, the spectrum with the sample inserted is divided
by a reference spectrum. For transmittance this is the empty system while
for reflectance measurements a gold mirror is used, typically, which has in
good approximation a frequency independent reflectance of unity. If higher
precision is needed, the actual reflectance can be estimated from measure-
ments in the NIR/VIS range. In the course of this work a new instrument,
a Bruker IFS 66 S/v, has been acquired to replace the Bruker IFS 45 (MIR),
IFS 113v (FIR) and Biorad FTS 135 spectrometer. By selecting different
sources, detectors and beamsplitters, the measurement range can be selected
from 10 cm−1 (1.2meV) to 15,000 cm−1 (1.8 eV) (Fig. 3.2). The standard
range is 380 cm−1 (47meV) to 8,000 cm−1 (1 eV) as compared to 450 cm−1
(56meV) to 6,000 cm−1 (0.7 eV) of the IFS 45. In addition, this instrument
avoids absorption bands due to water vapor or carbon dioxide by reducing
the air pressure to p ≈ 100Pa. A typical application of MIR spectroscopy is
the determination of carrier concentrations and mobilities. This has been ap-
plied to aluminum doped zinc oxide samples prepared by reactive MF sputter
deposition [18, 19]. The oxygen partial pressure during deposition has been
varied (Fig. 3.3(a)), and the resulting plasma frequency ωp ∝
√
n (Eqn. 3.30)
and damping ωτ ∝ 1/µ (Eqn. 3.31) have been derived by a fitting procedure,
in which these parameters were varied until optimal agreement between the
simulated and the measured spectra was obtained(Fig. 3.3(b)). It can be
seen that the resistivity of the ZnO:Al films at low oxygen partial pressures
is mainly determined by the mobility, while at higher oxygen partial pressure
the carrier concentration decreases drastically (Fig. 3.3(c)).
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3.2.2 Vis/UV Spectroscopy and Ellipsometry
In this spectral range the contributions of valence electrons are most impor-
tant. For many dielectrics, this means an index of refraction that changes
only slowly with energy in the visible range. Therefore often interference
patterns which are equidistant can be seen in this region. For dispersive
media, however, the interference fringes are non-equidistant. In both cases
constructive interference is observed if
2kzd = m · 2pi (3.40)
with an integer index m. This can also be expressed by
mλ = 2
√
²− sin2 αd. (3.41)
Since in this expressing both film thickness d and the dielectric function ² of
the film are contained, both properties can not be determined independently
from the distance between the interference fringes. However, since the am-
plitude of the waves reflected at an interface (Eqn. 3.33,3.35) is given by
the component of the wavevector kz within film and substrate, it is possible
to determine the dielectric function of the film from the amplitude of the
maxima and minima. Thus, for thick enough films 2d
√
² > λ, film thickness
and refractive index n =
√
² are decoupled.
In thin metal films, however, interference is strongly reduced due to free
electron absorption. The carrier mobility and concentration in the silver films
investigated in this work were determined from measurements in this range.
In general it is not possible to determine the desired properties directly from
the spectra. Instead a model is assumed, and the parameters are varied to
obtain agreement between the simulated and the measured curves.
In spectrophotometry, the reflectance R = |r|2 and/or transmittance T =
|t|2 of the sample is measured in full analogy to the previous section (3.2.1).
In addition to intensity measurements, spectroscopic ellipsometry has been
employed. By this method not the intensity of the reflected light is analyzed
but the polarization state. This is represented by the ellipsometric angles ψ
and ∆.
r˜p
r˜s
=
|r˜p|
|r˜s| = tan(ψ) exp(i∆) (3.42)
One important advantage of ellipsometry over spectrophotometry is that no
reference sample, of which the reflectivity has to be known, is necessary for
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reflection mode measurements. This leads to a very high accuracy of typically
δψ ≤ 0.1◦, while the sensitivity to phase shifts result in a high sensitivity for
thin layers. In addition both the real and the imaginary part of the dielectric
function can be determined, as two properties are measured simultaneously.
However, this method is less sensitive to low values of the imaginary part
than intensity measurements, because a small absorption only leads to a
slight shift in the phase angle, which cannot be distinguished from a phase
shift caused by surface roughness, film thickness or gradients. Therefore
only the combination of both techniques yields full information about the
interaction of light with the sample.
3.2.3 Instrumentation
Ellipsometer The ellipsometer used is a Woollam M2000UI model. A
rotating compensator enables the simultaneous measurement of ψ and ∆.
In combination with multichannel detectors a time resolution of δt < 1 s is
possible, with a typical measurement taking less than 5min for three different
angles and including sample alignment. These multichannel detectors are
a silicon CCD for the VIS/UV region and a InGaAs diode array for the
near infrared. A quartz tungsten halogen (QTH) lamp emits light in the
NIR/VIS range while the light source for the UV is a deuterium (2D) bulb.
The resulting spectral range is 0.7 eV to 5.3 eV(1,700 nm to 250 nm). In this
work the reflection from the backside of the substrate was suppressed by
use of focussing lenses, which reduced the beam diameter to 200µm and the
upper spectral limit to 3.8 eV. To develop a model describing the samples,
three angles of incidence were chosen (typ. 55◦, 65◦, 75◦), while in subsequent
measurements one angle of incidence (65◦) was sufficient.
Spectrophotometer A Perkin Elmer λ 25 with a spectral range of 1.1 eVto
6.5 eV(1100 nm to 190 nm) was used to perform transmittance measurements.
Light is emitted by QTH and 2D lamps. The suitable lamp is selected by a
switchable mirror. An imaging holographic grating serves as dispersive ele-
ment, with order selection done by low pass filters mounted on a rotatable
filter wheel. Entrance and exit slit of the monochromator are fixed to 1 nm
resolution. At the exit slit the beam height has been limited by an aperture
from the standard 15mm to 5mm. A double beam optics is realized by a
beamsplitter, resulting in increased stability. The light is finally detected by
silicon photodiodes.
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Figure 3.4: Schematic drawing of the λ 25 spectrometer.
3.2.4 X-ray characterization
X-ray reflectometry
As seen in Eqn. 3.40, the important quantity for the occurrence of interfer-
ence patterns is kz. In the visible range
kz =
ω
c0
√
²l(ω)− ²l+1(ω) sin2 α (3.43)
(see Eqn.3.32) is usually varied by variation of ω. Since in lab-size X-ray
machines the characteristic emission of an (usually copper) anode is utilized,
it is not possible to change the frequency of the X-rays. Instead the angle
of incidence is varied. In X-ray characterization it is customary to use the
glancing angle θ between surface and the incident beam instead of the angle
α towards the surface normal. As the measurements usually take place in
air, the ambient dielectric function is ²l+1 = 1. Therefore 3.43 becomes
kz =
ω
c0
√
²− cos2 θ. (3.44)
As X-ray frequencies are much higher than the resonances in the dielectric
function, it is sufficient to only consider the high frequency limit. Then the
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dielectric function shows a Drude like behavior:
χho(ω) = −
ω2p
ω2 + iωωτ
(3.45)
For low damping this can be simplified further to
χho = −
ω2p
ω2
. (3.46)
The real part of the dielectric function in the X-ray regime is of the order
1 − 10−5 for solids [20], while the density of air is lower by three order of
magnitude. Thus, the dielectric function is of the order 1 − 10−8, and the
assumption of ²l+1 = 1 in 3.44 is still valid. As a consequence, for glancing
angles smaller than a critical angle θc the z-component of the wave-vector kz
becomes imaginary, and total reflection occurs. The value of θc then depends
on ωp by
cos2 θc = 1−
ω2p
ω2
. (3.47)
For low angles θc, Eqn. 3.47 becomes
θc =
ωp
ω
. (3.48)
As seen in (Eqn.3.30), the plasma frequency depends on the electron density
by
ω2p =
e2n
²0m
. (3.49)
If the composition of the material is known, it is possible to correlate electron
density and mechanical density ρ
n ∝ ρ. (3.50)
Above the critical angle the X-rays can penetrate into the film, and, like
described in section 3.2.2, oscillations of the detected intensity occur. As
with optical spectroscopy, it is necessary to do full numerical simulations of
the measured spectra. These calculations are based on the same principles,
with only kz varied by changing the angle of incidence θ instead of the light
frequency ω. One major advantage of X-ray reflectometry (XRR) is the
small deviation of the refractive index from unity, which means that the
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spacing of the interference fringes is determined by the film thickness only.
This is particularly helpful with multilayer systems. In addition to layer
thickness and density, information on interface roughness can be derived,
since the decay of the oscillation amplitude and the overall intensity are
strongly affected by this property. Since density, film thickness and roughness
are obtained from independent features of the XRR-spectra (Fig. 4.8), these,
these parameters can be easily decoupled. More details on XRR can be found
in [20, 21], for example.
X-ray diffraction
To study structural properties, it is necessary that the k-vector is of the same
order of magnitude as reciprocal lattice vectors Ghkl. Bragg reflexes appear
if the difference between the k-vectors of the incident ki and scattered ks
X-rays is equal to a reciprocal lattice vector:
ks − ki = Ghkl (3.51)
Bragg-Brentano When performing experiments in the Bragg-Brentano
geometry, the incident angle and the angle of reflection are identical. Thus
∆k is normal to the surface of the sample, and only lattice planes parallel to
the surface are seen. Again, only the z-components need to be considered.
Assuming ² = 1 in Eqn.(3.44) leads to
kz =
ω
c0
sin θ =
2pi
λ
sin θ (3.52)
and as a consequence
2kz = 2
2pi
λ
sin θ
= Ghkl
=
2pi
dhkl
(3.53)
⇔ dhkl = λ
2 sin θ
(3.54)
the lattice spacing dhkl of planes parallel to the surface can be measured.
The intensity of the diffraction peaks provides information on the crys-
tallographic texture, i. e. a preferential orientation of the crystalline grains.
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In general it is necessary to compare the intensity of a single peak to the
weighted sum of all reflexes. If, however, the films only consist of a single
crystalline phase, it is sufficient to consider only one peak. The integral in-
tensity of this peak divided by the film thickness can then be taken as a
measure for the ratio of grain oriented with the respective plane parallel to
the surface.
Rocking curves In this setup the X-ray source and detector are set to a
position where the Bragg-reflex of the (hkl) planes is detected. Then the
sample is tilted by an angle ω with respect to the incident beam, where the
surface normal is within the plane of incidence. As only planes perpendicular
to ∆k are registered, the measured intensity is proportional to the number
of grains with the corresponding orientation. For a strong texture a rapid
decrease is expected with a FWHM of a few degrees only.
Strain measurements Upon tilting the sample, not only the intensity of
a peak changes, but also the peak position varies if the film is stressed. In a
thin film the stress is typically biaxial, as it can only be relieved in growth (z)
direction. Then the lattice spacing d(hkl) in a grain oriented within the xy-
plane is different from that in a grain oriented along the z-axis. In principle
it is possible to perform an experiment similar to paragraph (3.2.4) with
θ/2θ-scans for different ω. By this method, however, the accessible range in
ω is rather limited. Therefore the sample is tilted by an angle ψ, where the
surface normal is within a plane perpendicular to the plane of incidence.
Instrument For all X-ray analysis methods a Philips X’pert pro diffrac-
tometer using Cu-Kα radiation was employed. Diffraction patterns were
recorded in the range from 2θ = 30◦ to 40◦, typically, where the most pro-
nounced diffraction peaks of zinc oxide and silver are observed.
3.2.5 Inductive sheet resistance measurement
In this method the sensor is basically the coil of a high-Q LC-circuit driven at
the resonance frequency. When a sample is placed within the magnetic field
of the coil, eddy currents are induced. This leads to an increased damping
of the circuit. The resulting decrease of the quality factor is proportional to
the conductivity of the sample.
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Modification The standard sensor head with a coil diameter of 24mm
has been replaced by a newer model with 14mm diameter. Inhomogeneous
coating at the edges of the sample no longer disturb the measurement. At
the same time the new head requires a voltage of 12V only instead of 15V,
which results in lower power consumption and less heating and therefore
lower thermal drift. The precision of the measurement has been improved
from ±0.1Ω to ±0.05Ω. The accessible range is 1Ω to 100Ω.
3.3 Atomic force microscopy
The surface of the samples has been analyzed by a Digital Instruments Di-
mension 3100 AFM. In contrast to scanning electron microscopy, imaging
of electrical insulators is not a problem, and quantitative analysis is easily
possible.
3.3.1 Principle of the fundamental modes
In contact mode the AFM works essentially like a very sensitive record player
(Fig. 3.5(a)). The sample is scanned by an extremely sharp tip at the end
of a flexible cantilever. From the reflection of a laser beam at the backside
of the cantilever, its bending is detected by a quadrant photodetector. This
signal is used as an input for a feedback loop, which keeps the deflection
of the laser beam from the center of the detector constant by moving the
the cantilever up and down with help of a piezo transducer. The voltage
applied to the piezo is proportional to the measured height. The proportion-
ality factor can be determined from reference samples with know structure
height. In the tapping mode (Fig. 3.5(b)) the cantilever oscillates driven by
a piezo element. As the drive frequency is close to the cantilever’s resonance
frequency of approximately 300 kHz, already a small drive amplitude leads
to large amplitude oscillations. When the tip approaches the surface, damp-
ing is increased and the amplitude of the oscillation decreases. By using the
z-piezo a constant amplitude is maintained.
3.3.2 Surface-tip interaction
Of paramount importance is the tip by which the sample is scanned. In order
to achieve good imaging and high resolution the tip should be as sharp as
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(a) Contact mode. (b) Tapping mode.
Figure 3.5: Principle of the two fundamental modes of AFM operation.
possible. Typically the radius of curvature for the tips used in this work is
smaller than 10 nm (Fig. 3.6). The force between tip and sample surface is
due to several interactions, as seen in Fig. 3.7. Depending on the distance
between tip and sample, different interactions are predominant. For distances
larger than approximately 10µm, fluid film damping occurs. The ambient
air between cantilever and sample has to be displaced, and therefore the
oscillations are damped. Between 100 nm and 1µm electrostatic forces may
appear, if sample surface and/or tip are charged. This effect can be exploited,
for example, to image ferroelectric domains. Already after a short exposure
to air, the samples are covered by a 10 to 100 nm thick water film causing
attractive capillary forces. At a distance of roughly 1 nm van der Waals forces
are predominant. The damping caused by these is utilized in tapping mode
imaging. For even lower distances, repulsive Coulomb forces can be observed.
In the hard-sphere model the atoms simply cannot occupy the same volume.
Figure 3.6: SEM image of an AFM tip [22].
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Figure 3.7: Forces acting on the tip at various distances [23].
This case is exploited in the contact mode. Consequently the forces exerted
on the tip are rather high. Therefore a soft, i. e. long, cantilever is used to
avoid damaging tip or sample, resulting in sufficient bending at low forces.
Unfortunately, the long cantilever also results is a large moment of inertia
and thus a low resonance frequency. Since a high scanning speed is desirable,
a high resonance frequency is necessary. This can be achieved by shortening
the cantilever. In summary, for tapping and contact mode different probes
have to be used.
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3.3.3 Instrumentation
The scanner head (Fig. 3.8) moves the tip across the sample surface by help
of piezo elements. Included in the chassis are also the laser source and the
detector. The height of the tip above the sample during measurement is
controlled by an additional z-piezo for positioning. It is important that
the gain parameters for the feedback loop that keeps the height constant
are set correctly. If the feedback reacts too slowly (low gains) the tip will
crush into structures on the sample surface. If the gains are set too high,
oscillations occur, and the tip crashes into the surface with a high frequency.
Therefore the gains are the most important user selected parameters apart
from the right choice for the intensity of interaction between tip and sample.
In contact mode, the bearing strength is chosen by defining a setpoint value
for the deflection of the laser beam. The higher this value is, the higher
is the force exerted on the sample. In tapping mode, the damping of an
oscillation is measured. Consequently there are two ways to intensify the
interaction of tip and sample. The drive amplitude can be increased, or the
setpoint amplitude, to which the oscillation of the cantilever is damped down
to, can be decreased. The results of both procedures are similar in effect.
Nevertheless, modification of the drive amplitude gives better results for the
valleys, while changes of the amplitude setpoint preferentially influence the
peaks.
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Figure 3.8: Schematics of the scanner head [23].
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Chapter 4
Growth of ZnO films
4.1 Target characterization
Before films are deposited, the behavior of the discharge is characterized,
i. e. the deposition rate, oxygen partial pressure and cathode potential upon
changing oxygen flow are measured, while the total pressure is maintained by
adjusting the argon flow. Due to hysteresis effects it is necessary to perform
the measurements with both increasing and decreasing oxygen flow. As long
as the oxygen partial pressure is low, essentially the metal is sputtered. The
deposition rate is high under these conditions. However, the films are also
usually metallic, and non-transparent. Increasing the oxygen partial pressure
leads to the growth of an oxide on the target surface. Once the whole surface
is covered, the rate drops drastically. Films prepared in this mode usually
show the desired transparency. However, to keep the deposition rate as high
as possible, the oxygen flow is typically only slightly above the transition
value. In this transition regime small changes in the deposition conditions
may lead to a switching of the deposition mode.
Using an oxidic target, which is doped to become conductive, it should
be able to remove such instabilities. Therefore both kinds of targets have
been compared with respect to the resulting film properties. In the case of a
doped target, the aluminum content of films prepared at room temperature is
expected to be close to that of the target, as confirmed by RBS and EDS [24],
with Al3+ ions on substitutional sites of Zn2+ and Al atoms on interstitial
sites. For doping levels up to 8 at.%, the formation of ZnO in wurtzite phase
has been reported [25], with small contributions of cubic ZnO, ZnO2, Al2O3
33
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and ZnOAl phases of the spinel group at the grain boundaries. Here an Al
concentration of 2% was used. Hence a major change in film structure is not
expected for this small addition.
First the target characteristics, i. e. the dependence of deposition rate,
gas composition and cathode potential on oxygen flow were recorded for
both targets at two different total pressures (0.6Pa and 1.2Pa). It is essen-
tial to know the rates for the preparation of films with identical or at least
similar thickness. Keeping this property constant is important, as e. g. the
roughness usually shows a strong dependence upon thickness. Also, in thicker
films, stress relaxation may occur more easily. The target voltage yields in-
formation on the oxidation of the target, and is an important property for
process control, as it can be measured online with a high temporal resolution.
Another important process parameter is the oxygen partial pressure. This
quantity together with the ion current determines the target oxidation, and
the exposure of the substrate to oxygen out of the gas phase.
Additionally, the amount of fast oxygen atoms sputtered from the target
and arriving at the substrate is determined by the target oxidation. However,
the control parameter is not the oxygen partial pressure, but the oxygen flow.
Therefore the oxygen partial pressure has been measured while varying the
oxygen flow.
For the ceramic target (Fig. 4.1(a)) at a total pressure of 0.6Pa the rela-
tive oxygen content, as measured by the QMS, increases proportional to the
oxygen flow. This is to be expected, as there is no metallic zinc present,
which could getter the oxygen. The target voltage increases slightly due to
the lower ionization probability of oxygen as compared to argon. The depo-
sition rate decreases with increasing oxygen flow. This is partly due to the
lower sputter yield of oxygen instead of argon. Hence one would expect an
approximately linear decrease in rate, if this effect is prevalent. The rate,
however, drops drastically upon adding small amounts of oxygen, and de-
creases more slowly above a flow of 7.5 sccm. The initial drop could possibly
be explained by a change of the surface stoichiometry of the target, as the
sputter yield depends strongly on the composition of a given material. The
dependence of rate and target voltage for a pressure of 1.2 Pa (Fig. 4.1(b))
are similar, only the increase in the oxygen content is slightly sub-linear.
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(a) Target characterization at 0.6Pa
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(b) Target characterization at 1.2Pa
Figure 4.1: Evolution of rate, oxygen content in the gas phase and target volt-
age with oxygen flow for the ZnO:Al target at two different total pressures.
In both cases, the rate decreases while oxygen content and voltage increase
almost linearly with increasing oxygen flow. There are only marginal differ-
ences for increasing (up triangles) and decreasing (down triangles) oxygen
flow. No hysteresis behavior is observed.
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For the metallic zinc target, the process characteristics are different. At
0.6Pa (Fig. 4.2(a)) the deposition rate is 2.5 nm s−1 in pure argon atmo-
sphere. Adding a small amount (≈5 sccm) of oxygen leads to an increase
in the deposition rate, since oxygen is also incorporated into the growing
film. Increasing the oxygen flow further (18 sccm) leads to a sharp decrease
in deposition rate, since the target surface is now completely oxidized. For
the oxide, the sputter yield is with YZn = 4.2 lower than for the metal with
YZnO = 1.8 and therefore the deposition rate drops
1. The simultaneous de-
crease in voltage can be described by a higher secondary electron yield for
the oxide of γZnO = 0.15 as compared to γZn = 0.08
2. As there is no metallic
surface left, oxygen is no longer gettered, and its partial pressure increases.
Increasing the oxygen flow even more leads to an almost linear increase in
oxygen content, a further decrease in rate, and a slight increase in voltage.
The effect of lower ionization probability is supposed to lead to a linear in-
crease in voltage with the oxygen content. An even more pronounced increase
in the voltage is an indication that the insulating surface oxide is growing in
thickness. This is in agreement with Subramanyam et al. [26], who also re-
ported a further increase in voltage in the oxidic regime. Meng et al. [27] on
the other hand observed a further decrease in voltage. These differences may
be caused by the pressure measurement. Ionization gauges, like Meng used,
do not measure the pressure directly, but depend on the ionization probabil-
ities α of the different gases. Therefore, when employing these instruments,
a constant total pressure with varying oxygen flow corresponds to a constant
ionization probability. As a consequence, the different ionization probabili-
ties for argon and oxygen cancel out, and the sputter voltage should remain
constant. However, since the gauges work at voltages (typ. ≈ 80V) different
from the actual sputter discharge (≈ 400V), the voltage generally changes
slightly. Sign and magnitude of the deviation depend on the equipment used.
With capacitance gauges, like the one used in this work, the voltage increases
with increasing oxygen flow.
Subsequently decreasing the oxygen flow shows basically the same fea-
tures. There is, however, a small hysteresis region with a width of 2 sccm.
This is caused by the different sputter yield in the metallic and oxidic mode.
With increasing oxygen flow, the high sputter rate removes the surface oxide
1Here only the sputter yield of the metal atoms has been considered. Details are
discussed in chapter 6
2Values based upon calculation presented in section 6.1.1
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0.0
0.5
1.0
1.5
2.0
2.5
3.0
 
 
ra
te
 
 
[ n
m
/s
 
]
0
20
40
60
80
100
 
 
 
%
 
O
2
0 5 10 15 20 25 30 35 40 45 50
250
300
350
400
450
 
 
 increasing
 decreasing
          oxygen flow
 qO2  [ sccm ]
U 
 
[ V
 
]
(b) Target characterization at 1.2Pa
Figure 4.2: Evolution of rate, oxygen content in the gas phase and target
voltage with oxygen flow for the Zn target at 0.6Pa and 1.2Pa. The rate
and voltage drop occur upon the transition from metallic to oxidic mode.
Simultaneously the oxygen content increases more rapidly. At the lower
pressure, a small hysteresis region from 17 to 19 sccm can be observed. At
the higher pressure, this transition takes place at a higher oxygen flow than
for lower pressure. An even smaller hysteresis region from 19 to 20 sccm is
observed.
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efficiently, until the target poisoning becomes too pronounced, and the target
switches to the oxidic mode. When the oxygen flow is reduced again, it has
to be decreased to a lower value before switching back, as the removal of the
surface oxide is now less efficient.
Performing this experiment at 1.2Pa (Fig. 4.2(b)) shows only marginal
differences. The deposition rate is lower, due to increased scattering of sput-
tered particles [28]. This also leads to a larger coated area, and thus to a
larger amount of oxygen gettered. Hence the transition point from metallic
to oxidic mode shifts to a higher oxygen flow, too.
4.2 Influence of total pressure and oxygen
flow on surface roughness
The information on the deposition rates, presented in the previous section,
was used to prepare films with similar thickness under different conditions.
In some applications, the film roughness is of crucial importance. The top
electrodes in thin film solar cells, for example, need a high surface roughness
to reach a high conversion efficiency [29]. On the other hand, in optical
coatings such as front side contacts in liquid crystal displays, smooth films
are desirable to reduce light scattering. Szyska has reported roughnesses
of about 2 nm for AC-sputtered films [11] of about 500 nm thickness. Even
smoother films are required, if the zinc oxide layer is used as a buffer for GaN
deposition.
Utilizing the ceramic target for film preparation, no dependence of the
surface roughness on the oxygen flow could be detected (Fig. 4.3(a)). The
roughness stayed constant at approximately 5 nm. Films prepared employing
a metallic target in oxidic mode did not exhibit a dependence of roughness
on the oxygen flow, either. In the metallic mode, however, the films get very
rough (≈ 45 nm) and coarse structures can be seen by AFM (Fig. 4.3(a), 4.4
(c)). This can be explained by a fast diffusion of atoms on the metal surface,
as is expected for metals with a low melting temperature (Zn: Tm = 693K).
Hence atoms can move long distances before finding a nucleation center. This
leads to coarse and rough structures. Adding oxygen decreases the diffusion
drastically, as the oxygen atoms now act as traps, which results in smoother
and less coarse films.
With increasing pressure, the roughness increases from 3nm at 0.5Pa to
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(a) Variation of the surface roughness with
oxygen flow. For the ZnO:Al target the
roughness is independent of oxygen flow.
Sputtering from the Zn target in metallic
mode results in rough films, due to the fast
surface diffusion of atoms on metal films.
In oxidic mode, the film roughness is con-
stant. The difference in roughness for both
targets is miniscule.
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(b) Development of the surface roughness
with total pressure. For both the ZnO:Al
and Zn:Al target, the roughness increases
with pressure. For the Zn target, no
further increase of roughness can be ob-
served above a total pressure of 1Pa.
Figure 4.3: Roughness of zinc oxide films prepared under different conditions.
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9 nm at 2Pa (Fig. 4.3(b)) for films prepared using the ceramic target. AFM-
pictures (Fig. 4.4 (a), (b)) show that the structures also become coarser at
high pressures. This can also be explained by diffusion processes. Since
at higher pressures the rate decreases, the atoms reaching the surface have
more time for surface diffusion. This results in a lower density of nucleation
centers. Thus one expects coarser structures, and larger roughness. Another
possible explanation is the reduced bombardment with energetic particles at
higher pressures, which leads to a decreased ‘polishing’ of the growing film.
For films deposited utilizing a metallic target at pressures below 0.9Pa a
similar behavior can be observed, i. e. the roughness increases with pressure.
At pressures higher than 1Pa no clear trend can be seen. In any case, there is
significant scatter which is much larger than the precision of the single mea-
surement. This is caused by the comparably small area that is investigated
by AFM (1µm2 and 25µm2, respectively), which may not be representative
for the whole sample. Analysis of several samples in one series3 yields a stan-
dard deviation of typically ≈ 12% for measurements at different places close
to the center of the sample.
With spectroscopic ellipsometry a method that integrates over a signif-
icantly larger area of 0.1mm2 was employed. The optical properties of the
zinc oxide were described by the parametric semiconductor model developed
in [30]. The bandgap was between 3.43 eV and 3.61 eV. The surface rough-
ness was described by an additional layer consisting of an effective medium
with 50% zinc oxide and 50% voids [31]. As this roughness definition is
quite different from rms roughness determined by AFM, identical values can
not be expected, but trends can be confirmed, as can be seen from Fig. 4.5.
While the film roughness shows no strong dependence on the oxygen flow,
it increases with the total pressure. The same pressure dependency can be
observed for the films prepared with the metallic target (Fig. 4.6).
When comparing roughness values, it is important that the films are
dense. Optical methods yield the dielectric function ε˜(ω) = ε1(ω) + iε2(ω),
which can be decoupled from the film thickness for sufficiently thick (d
√
² > λ)
films. For a given material this is related to the density by the Lorentz-Lorenz
relation. In a transparent spectral region where dispersion is small, the den-
sity is proportional to
ρ ∝
(
ε1 − 1
ε1 + 2
)
. (4.1)
3Series U9a: ZnO:Al target, ptot=1.2Pa, variation of oxygen flow.
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(a) ZnO:Al target, high pres-
sure.
(b) ZnO:Al target, low pres-
sure.
(c) Zn target, in metallic
mode.
Figure 4.4: AFM measurements of films prepared under different conditions.
Higher total pressures during zinc oxide sputtering result in rougher and
coarser films. The roughness and lateral structure size are much larger for
samples prepared in the metallic mode. Deposition parameters were 2.0Pa
and 0.5Pa total pressure and an oxygen flow of 9 sccm for (a) and (b), re-
spectively. Sample (c) was prepared at 0 sccm O2 and 1.2Pa total pressure.
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Figure 4.5: Surface roughness as determined by spectroscopic ellipsometry.
For films prepared utilizing the ZnO:Al target, no dependence upon oxygen
flow can be observed (top). With increasing total pressure, the roughness
increases substantially (bottom).
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Figure 4.6: Roughness of films prepared using the metallic zinc target as
measured by spectroscopic ellipsometry. The roughness increases with pres-
sure.
This quantity has been plotted for a number of different samples in Fig. 4.7.
Independent of the deposition parameters, for the ZnO:Al films approxi-
mately 95% of the bulk density is obtained. At the same time, the bandgap
remains constant at 3.48 eV. XRR measurements (Fig. 4.8) have confirmed
the density was 5.42±0.05 g/cm3 which compares to 96.6% of the bulk value.
Pure ZnO films exhibited a comparable density of 5.48±0.05 g/cm3 (97.7%).
The slightly higher value can also be seen in the ellipsometry data, from
which approximately 97% of the bulk density is deduced.
44 CHAPTER 4. GROWTH OF ZNO FILMS
0 10 20 30 40 50
0.45
0.46
0.47
0.48
 qO2 = 21 sccm, Zn target qO2 =   9 sccm
 qO2 = 25 sccm
 ptot = 0.6 Pa
 ptot = 1.2 Pa
(ε 1
-
1) 
/ (ε
1+
2)
qO2  [ sccm ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Mean ZnO
Mean ZnO:Al
 ptot  [ Pa ]
Figure 4.7: The density (proportional to (ε − 1)/(ε + 2)) of the zinc oxide
films does not depend on the oxygen flow and total pressure. For the ZnO:Al
films it is with 95% of the bulk density slightly lower than for the undoped
films (97%).
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Figure 4.8: XRR measurements are reproduced adequately by the simula-
tions. A density of 96.6% of the bulk value for ZnO:Al and 97.7% for ZnO
films is confirmed.
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Figure 4.9: Ellipsometric data measured at 60◦angle of incidence and corre-
sponding fit. The model describes the measurement with high precision.
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4.3 Structure
The previous section has shown that the deposition parameters have a con-
siderable effect on the surface roughness. Other properties may also de-
pend on oxygen flow and total pressure. Therefore investigations focused
on the influence of these two deposition parameters on structure and stress.
While most authors report on the formation of ZnO with wurtzite struc-
ture, Sekiguchi et al. [32], for example, found evidence for an additional cubic
phase. Hence X-ray diffraction was employed to investigate structural prop-
erties and stresses of the ZnO films (Fig. 4.10).
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Figure 4.10: XRD measurement of a ZnO film prepared with the ZnO:Al tar-
get at 9 sccm O2 and 1.5Pa. The peak positions closely match the literature
values (bars) for the wurtzite phase. The small differences are mainly caused
by strain. The relative intensities of the peaks do not agree with literature
data for powder samples. While the (002) peak is more intense than expected
for random orientation, as represented by the bar height, the (100) and (101)
are weaker. This indicates a preferred c-axis orientation of the grains.
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4.3.1 Phase identification and determination of strain
XRD measurements show peaks in the close vicinity of the expected reflexes
of the wurtzite phase (Fig. 4.10). The peak intensities, however, do not agree
with the JCPDS data for ZnO powder. This can be explained assuming a
textured film, with the hexagonal (002) planes preferentially oriented parallel
to the sample surface. Rocking curve measurements have been performed to
confirm this assumption (Fig. 4.11). The resulting curves can be reproduced
by a Gaussian distribution
y = y0 +
A
σ
√
pi/2
exp
(
−2(x− x0)
2
σ2
)
. (4.2)
The FWHM range from 5◦ to 9◦, which proves the texture of the investigated
films.
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Figure 4.11: Rocking curve measurements confirm c-axis texture of ZnO:Al
(top) and ZnO (bottom) films.
4.3. STRUCTURE 49
The formation of preferentially oriented grains in RF sputtering has been
linked to plasma chemistry [33, 34]. In particular, the degree of c-axis orien-
tation was found to be most pronounced, if the ratio of zinc atoms to zinc
oxide dimers arriving at the substrate was minimal, which occurred at an
atmosphere consisting of 75% argon and 25% oxygen. By maximizing this
ratio and utilizing non-equilibrium conditions, films with (110) and (100) tex-
ture had been produced [35]. However, in the experiments described in this
thesis, there was no evidence for significant changes in texture upon varying
the oxygen/argon ratio by modifying the oxygen flow; the main effects have
been observed upon variation of the total pressure (Fig. 4.24).
This difference could be caused by the different deposition methods used,
i. e. dc-magnetron as opposed to rf-diode sputtering. While a number of
parameters — such as total pressure and the pressure distance product —
where in the same range for both experiments, the usage of a magnetron
cathode limits the plasma to the vicinity of the target. Thus the sputtered
particles are less likely to react with plasma species.
Most samples show a ‘shoulder’ on the right hand side of the (002) peak
(Fig. 4.12) in the θ/2θ-scans. Utilizing the peak fitting function of a software
package, this can be described by the superposition of two Gaussian peaks:
A rather sharp one, shifted to lower angles, which is indicative for a higher
d-spacing in c-axis direction, and a broad one at the expected value of 34.4◦.
This shoulder can not be explained by contributions of Cu-Kβ or Kα2 radi-
ation. The amount of Kβ is suppressed by a crystal monochromator to less
than 10−4, while Kα2 is present with about 1/3 of the intensity of Kα1. So
here a constant shift of 0.1◦ would be expected, which is both lower than the
observed peak width (≈ 0.3◦) and the splitting between the sharp and the
broad peak (up to 1.5◦), which in addition varies for different samples.
A peak shift with respect to the bulk value has been observed by a num-
ber of authors [36, 37, 38, 39, 40, 41] and has been attributed to compressive
stresses. A separation into two different peaks has not been reported. Nev-
ertheless, this phenomenon is observed for both ZnO and ZnO:Al films. This
excludes an aluminum oxide phase at the grain boundaries as a possible ex-
planation. Diffraction peaks of NaCl-structure ZnO(111) (2θ = 36.2◦) and
the cubic ZnO2 phase (200) (2θ = 36.9
◦) are too far away from the observed
position to explain the measured peak. Furthermore, if the additional peak
was caused by one of these phases, it should shift with changing stress. As
this is not the case, the second peak is attributed to a relaxed phase of ZnO
with wurtzite structur.
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Figure 4.12: XRD: Most samples show a double structure for the (002) peak.
This can be attributed to a strained phase (sharp peak) and a relaxed one
(broad peak). The peak widths correspond to a grain size of 14 nm and 4 nm,
respectively.
The existence of a strained phase can be clearly shown by x-ray strain
measurements [42]. The lattice spacing in (100) direction is plotted versus
sin2(ψ) (Fig. 4.13), where ψ is the tilt angle of the sample against the plane
of incidence. The resulting slope is proportional to the strain. Differently
stressed films show different slopes. The graphs intersect at zero strain.
This does not happen at the bulk value of d(100). Instead, the films show
both strain and lattice constants which are different from the bulk material.
The strain was isotropic within the surface plane. This indicates that the
anisotropy Hanabusa et al. [43] observed is induced by the geometry used,
as was assumed. The strain determination with the ψ-tilt method is only
feasible if the samples are not highly textured. The films prepared using
the metallic target showed, in comparison to the ceramic target, a much
more pronounced texture. This is due to the less pronounced erosion zone
as compared to the ceramic target, which had also been used for preliminary
tests. Thus the ψ-tilt method was applicable to many of the samples prepared
utilizing the ceramic target, and to none prepared using the metallic target.
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Figure 4.13: Lattice spacing of the (100) planes determined by XRD for
different tilt angles ψ and differently stressed films. The slope of the graphs
is proportional to the film strain. The negative slope indicates compressive
stress. As the graphs do not intersect at the literature value of d(100), the
unstressed lattice constants are different from bulk material.
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Figure 4.14: Lattice parameter d002 determined by conventional XRD versus
the stress determined by ψ-tilt measurements. A linear behavior can be seen.
The lattice spacing for the stress free state is different from the bulk value.
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Nevertheless, if the unstressed lattice constants are known, the strain can
be determined from usual θ/2θ scans without employing the ψ-tilt. In order
to obtain the unstrained (002)-spacing, the d-spacing for differently stressed
films was determined by conventional XRD. These data were plotted against
the stress of the same films, as measured by the ψ-tilt method. Extrapolating
the resulting line to σ = 0Pa yields the lattice constant d0 for the stress free
state (Fig. 4.14).
This procedure could not be applied to the undoped films, i. e. the films
from the metallic target, as they had a more pronounced c-axis orientation.
However, it is a reasonable approximation to assume identical values for un-
doped and Al-doped films, as typical metal-oxygen bond lengths are almost
identical for aluminum (≈ 0.19 nm [44]) and zinc (≈ 0.195 nm [45]). From
this unstrained lattice constant, the film strain ² = (d− d0)/d0 can be deter-
mined, where d is the interlayer spacing of the strained film as determined
by conventional XRD.
4.4 Dependence of the strain on deposition
parameters
The different stress states in the previous chapter were achieved using dif-
ferent deposition conditions. The influence of oxygen flow (Fig. 4.15) and
total pressure (Fig. 4.16) on the film stress has been studied. The strain
weakly depends on the oxygen flow. For both targets, where for the zinc
target only samples in oxidic mode were considered, the strain increases up
to 1.4%, as the oxygen content increases. This is in agreement with data
from Subramanyam et al. [26]. Takai et al. [46] and Tsuji et al. [37] reported
similar results for RF sputtered films.
Performing actual stress measurements by a wafer curvature appara-
tus confirms the formation of high stress levels in the low pressure range
(Fig. 4.17). Furthermore, at the power of P = 215W chosen for studying
the influence of total and oxygen partial pressure, the residual stress only
slightly depends on the applied power (Fig. 4.18).
Thermal effects due to electron impact on the substrate have been sug-
gested by Aita [47] for RF diode sputtering of ZnO. However, magnetron
sputtering was used, where electrons are trapped and substrate heating is
substantially reduced. Consequently, the highest substrate temperature ob-
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Figure 4.15: Biaxial film strain as a function of oxygen flow. With higher
flow the stress increases slightly.
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Figure 4.16: The strain strongly depends on the total pressure. For low
pressure large compressive strains are observed.
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Figure 4.17: The stress strongly depends on the total pressure. The same
behavior as for strain (Fig. 4.16) is observed.
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Figure 4.18: The stress increases with the discharge power.
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served by thermocouples was below 100◦C. Taking this as an upper limit, and
using thermal expansion coefficients of αZnO = 2.9 ·10−6/K and αsubst. = 7.2 ·
10−6 for film and substrate, respectively [48], and values of EZnO = 100GPa
for the films Young’s modulus and a Poisson ratio of ν = 0.36 [49], yield
thermal stresses below σ = 0.067GPa, as compared to the observed value of
σ ≈ 1GPa. This raises the question what causes the film stress.
Ions originating from the plasma seem unlikely. Positive ions (Ar+, O+,
O2+) are generally accelerated towards the target and do not bombard the
growing film. However, the plasma potential is positive with respect to
ground, so Ellmer et al. [50] measured positive ion energies of approximately
20 eV. Negative oxygen ions, i. e.O−, O2−, are also produced in the plasma.
But high stresses are even formed when sputtering from the ceramic target
with pure argon. So it can be concluded that the negative ions formed in the
plasma can not be responsible for the stress formation. Additionally, Wendt
et al. [51] showed that these O−ions reach the substrate with energies of up
to some 10 eV only.
The positive ions, which are accelerated towards the target, can be re-
flected, and get discharged during the process. The energy of the reflected
atom can be estimated by assuming a central collision with a single target
atom. In this simple model, the energy only depends on the ratio of masses
µ = mIon/mTarget and the initial energy E0 of the ion:
Er = E0 ·
(
µ− 1
µ+ 1
)2
Resulting energies are in the range of 20 eV for argon and 100 eV for oxygen
atoms. Simulations show that for an energy of 20 eV the penetration depth
of the ions is only two monolayers. Atoms at the surface can rather easily
rearrange to release stress, so the reflected argon atoms are most likely not
responsible for the stress formation. The energy of the reflected oxygen atoms
is high enough for subplantation. However, films prepared with the ceramic
target at zero oxygen flow also exhibit large stresses. So implantation of
reflected oxygen atoms is not the mechanism of stress formation.
Another possible source of energetic particles is the sputtering process at
the target surface. The maximum in the energy distribution of the sputtered
atoms is in the range of 2 eV (approximately 1/2 surface binding energy U0)
[52]. Still, the distribution of energies is broad and can be described by:
f(E) =
E
(E − U0)3+2m
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Figure 4.19: Energy distribution of sputtered atoms. Typical values of U and
m are assumed. Only few atoms have an energy high enough for implantation.
Nevertheless, energetic particles are present.
where all energies are given in units of eV, Fig. 4.19. So some of the sputtered
atoms reach the substrate with high energies. These could be implanted, or
‘kick’ surface atoms deeper into the film.
This distribution assumes that the sputtered particles are neutral. How-
ever, negative oxygen ions are formed at the target [53]. These are accelerated
by the electrical field and reach the substrate with energies of some 300 eV,
which is sufficient for implantation.
For both of the above processes, the pressure dependence of the film
stress can be explained in the same way. The higher the pressure is, the
more sputtered particles collide with gas atoms, and lose their energy on the
way to the substrate. So with increasing pressure, the bombardment of the
growing film with energetic particles is reduced, resulting in lower stress.
While changing the total pressure affects the collision probability, the gas
composition influences the energy loss per collision, which is determined by
the mass ratio between the colliding particles. The energy loss is smaller for
oxygen than for argon. As the masses of argon and oxygen are similar, with
mAr = 40 and mO2 = 32, the resulting effect should be small, which is in
agreement with the observations.
Both decreasing total pressure and increasing oxygen flow result in an
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increase of the amount of high energy particles. This is precisely the behavior
observed in the film stress. Therefore it is very likely that the implantation
of particles sputtered from the target into the growing film is the origin of
stress. Atoms of sufficient energy are available, and the dependence of the
stress on total pressure and oxygen flow can be explained.
4.5 Influence of stress on film properties
As stated above, biaxial strains of up to 4% have been observed. At such
high strains relaxation processes may occur. The yield stress is typically
about 5% of Young’s modulus, which corresponds to 5GPa in the case of
ZnO. So a complete relaxation of the film is not expected, and the extent of
relaxation should only be dependent on the stress. The deposition conditions
that lead to these stresses should be irrelevant. To verify this assumption, the
integrated peak intensities for the relaxed phase as determined by gaussian
fitting and normalized by the film thickness, are plotted versus the film strain
(Fig. 4.20, 4.21).
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Figure 4.20: For the Zn target, the height of the peak corresponding to
the relaxed phase increases with increasing strain. The amount of relaxed
material increases. Whether the stress was caused by variation of oxygen
flow (triangles) or pressure (circles) does not matter.
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Figure 4.21: Abundance of the relaxed phase as a function of strain (ZnO:Al
target). The integrated peak intensity of the corresponding peak in XRD
slightly increases with increasing stress. It is independent of the way the
stress was created.
For the metallic target a slight modification of procedure was necessary.
Since the intensities for the two peaks were too different, simultaneous fitting
of both peaks often was not possible. However, as the position and the
width (≈ 3◦) of the peak was constant for all samples for which it could
be measured, the diffracted intensity at any given angle is proportional to
the integrated intensity. To minimize errors caused by slight variations in
peak position and width, the observed angle should be reasonably close to
the peak maximum. On the other hand, contributions from the unstrained
peak should be negligible. Therefore, the diffracted intensity at 35.2◦ was
taken, which is sufficiently far away from the strained peak. As is expected,
the amount of the relaxed phase increases with increasing stress. This trend
is more clearly visible for the metallic target.
According to the above arguments, a steady decrease in the integrated
peak intensities with stress is expected for the strained phase. However, a
pronounced maximum can be seen at ε = 1 (Fig. 4.22) for films prepared
with the metallic target. Texture effects play a major role in this behavior,
as for high pressures, and thus low stresses, the degree of the preferential
orientation decreases (Fig. 4.24). For the ceramic target, no such clear trend
is visible (Fig. 4.23).
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Figure 4.22: Integrated peak intensity for the strained phase as a function of
strain (Zn target). The abundance of the strained phase shows a maximum
at ε ≈ 1%. At high stresses the amount of strained material decreases, which
is an indication for stress relaxation. At low stresses the film texture becomes
less pronounced, and therefore the peak intensity decreases.
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Figure 4.23: Integrated peak intensity for the strained phase as a function
of strain (ZnO:Al target). No clear trend can be seen. The low intensities,
as compared to films prepared using the metallic target, are caused by a less
pronounced texture.
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The relative abundance of strained and relaxed phase could be shown
to be a function of stress, for films prepared using a metallic target. For
the ceramic target, the results are less clear. However, similar tendencies
were observed, but with a large scattering of the intensities. As the texture
for these films was less pronounced than for the films prepared using the
metallic target, also the peak intensities were lower by almost two orders of
magnitude.
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Figure 4.24: Development of texture with total pressure, as determined by
rocking curve measurements. For both doped (top) and undoped (bottom)
films, the orientation of the crystalites deteriorates with increasing pressure.
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4.6 Resputtering
In the previous sections, it has been suggested that the film properties
strongly depend on the impact of energetic particles. To verify this concept,
more detailed investigations were performed. In Fig. 4.25 the dependence
of the deposition rate on the total pressure is depicted. At low pressures
the rate increases with the total pressure up to 1.5Pa, where a maximum is
reached. For higher pressure the rate r decreases with pressure. The latter
behavior can be explained by the Keller-Simmons relation [28]
r = r0
(pd)0
pd
{
1− exp
( −pd
(pd)0
)}
(4.3)
where p is the total pressure, d the distance between target and substrate,
r0 the deposition rate without scattering losses and (pd)0 a characteristic
pressure-distance product. This formula accounts for the scattering of sput-
tered particles by gas atoms and molecules between the target and the sub-
strate. After these collisions, the sputtered particles are thermalized and only
contribute to the film growth by omnidirectional diffusive transport. Values
of (pd)0 = 160± 12Pamm and r0 = 1.75± 0.05 nm/s were found. From this
the average number of collisions for the sputtered particles can be estimated
for each pressure.
In this model, the deposition rate can only decrease with pressure, whereas
an increase of the deposition rate was observed at low pressures. A possible
explanation is resputtering, i. e. the growing film is sputter etched by ener-
getic particles, which would be more prevalent at lower pressures. To verify
this concept, samples were prepared on silicon substrates facing away from
the target, so that it was not possible for the zinc atoms sputtered from the
target to reach these substrates directly, but only by diffusion (Fig. 4.26).
By placing microscope slides facing the target and the silicon substrate, an
additional source is introduced. From the film growing on the microscope
slides, material can be resputtered and contribute to the growth of the film
on the silicon substrate. If resputtering plays a major role, the growth rate
on the silicon substrates should depend significantly on the presence of this
additional source of zinc.
The results are shown in Fig. 4.27 as a function of the average number
of collisions obtained from the fitting procedure described above. The direct
deposition rate (Fig. 4.27a) shows a maximum at around 0.5 collisions. As
a new target had been used for this series, the deposition rate is slightly
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Figure 4.25: Dependence of deposition rate on total pressure. The decrease
in deposition rate below and above 1.5Pa are due to resputtering and gas
phase collisions, respectively. The dotted curve denotes the Keller-Simmons
fit for total pressures > 1.5Pa.
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 Zn target
Figure 4.26: Schematic drawing of the substrate holder for resputtering ex-
periments. Deposition onto the silicon substrate was studied. Without the
covering microscope slide, material from the target can reach the silicon sub-
strate by diffusion only. Inserting a glass substrate provides an additional
possible source, as resputtering of the zinc oxide films growing on the micro-
scope slide could take place.
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higher than in Fig. 4.25. Below 0.5 collisions, the deposition rate increases
with increasing number of collisions.
In this range, the indirect deposition rate is significantly higher for the
samples with the microscope slides as for those without (Fig. 4.27b). Thus
it can be concluded that there is significant material transport from the
microscope slide to the silicon substrate, which is a strong indication for
resputtering from the film growing on the microscope slide by energetic par-
ticles.
Increasing the number of collisions, i. e. total pressure, should lead to a
decreasing flux of fast particles. Therefore sputter etching of the directly
deposited film should decrease as well, and hence an increase of the deposi-
tion rate is observed. The increased thermalization of the sputtered particles
can be seen directly from the increase of the indirect deposition rate with-
out backing microscope slides. In this case, the zinc atoms can reach the
substrate by diffusion only, so that with increasing scattering the deposition
rate also increases. For sufficiently high collision numbers, the flux of ener-
getic particles, and therefore sputtering of the growing film facing the target,
should become negligible. Hence the difference in the deposition rates be-
tween the indirectly deposited films, i. e.with and without the microscope
slides acting as additional zinc oxide source, should also vanish. This is ob-
served for more than 0.5 collisions and consequently, with no resputtering
occurring, the direct deposition rate drops according to the Keller-Simmons
law.
The impact of energetic particles does not only lead to changes in the
deposition rates, but also has a pronounced influence on the properties of
the directly deposited films. The film texture, as represented by the full
width at half maximum in the XRD rocking curve of the most prominent
(002) peak (Fig. 4.27c), deteriorates significantly for more than 0.5 collisions.
This can be explained by assuming that resputtering is selective, and c-axis
oriented grains are less rapidly etched than slightly tilted grains. Therefore
misaligned grains would only be deposited, if their deposition rate is higher
than the etch rate. At this rate a step like behavior is evident as shown in
Fig. 4.27c.
Furthermore, bombardment of growing films with ions can lead to signif-
icant stress levels, which is also observed here for low numbers of collisions
[54]. Instead of stress σ the strain ε ∝ σ is shown (Fig. 4.27d), as this value
can be taken directly from XRD. While above 0.5 collisions the films are al-
most stress free, for lower values the stress increases smoothly with the flux
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Figure 4.27: Variation of direct and indirect deposition rates r and r′ (with
microscope slides: solid symbols, without: open symbols), film strain ², sur-
face roughness σ and texture (FWHM ∆ω of rocking curve) against the num-
ber of relevant collisions. The films used for strain, texture and roughness
analysis were of approximately 100 nm thickness.
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of energetic particles, corresponding to low numbers of collisions. The im-
portance of fast particles for the development of stress can also be seen from
the films grown on the silicon substrates. As they were facing away from the
target, they could not be reached by energetic particles. As a consequence,
by XRD measurements no stress was observed in any of these samples, no
matter what the pressure during deposition (Fig. 4.28) was. In addition to
stress and texture, the film roughness of the directly deposited samples is
strongly influenced by the number of collisions. For low values smooth films
are produced. Increasing the collision number above 0.5 leads to increasingly
rough films (Fig. 4.27e). The roughness varies smoothly with the collision
number, as does the stress. The texture in contrast shows a step-like depen-
dence. This different behavior can be exploited to produce films with tailor
made properties. In particular, close to the transition around 0.5 collisions,
a variation in the film texture only leads to marginal changes in stress and
roughness. By an extremely simple measurement, i. e. determining whether
the deposition rate increases or decreases with pressure, it is possible to iden-
tify in which region a process is operating and to obtain films with high rate
and good texture, yet small levels of stress and roughness.
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Figure 4.28: The indirectly deposited films are almost stress free, independent
of the deposition conditions.
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Summary
Thin films of ZnO were deposited, and the influence of oxygen partial pres-
sure and total pressure on stress, strain, surface roughness and texture was
investigated. When depositing in the fully oxidic regime, the film properties
only slightly change with the oxygen partial pressure, while the total pres-
sure has a pronounced influence on all of these film properties. Lowering
the total pressure leads to stressed and strained films, with a smooth surface
and a pronounced texture. This behavior could be explain by the generation
of oxygen ions at the target surface, and their increasing average number of
collisions on their way to the substrate with increasing pressure, which leads
to a lower flux of highly energetic particles bombarding the growing film.
Resputtering experiments provide experimental evidence for this model.
Chapter 5
Growth of silver films
The specific resistance of thin films is often higher than that of the bulk ma-
terial. Several mechanisms can contribute to this. While impurity scattering
may also occur in the bulk, thin films frequently acquire contamination dur-
ing deposition, like water vapor, oxygen or nitrogen from the residual gas
in the chamber. Also, for sputter deposited films, typically about 1% ar-
gon incorporation is found. When the film thickness d is comparable to or
lower than the electron mean free path λe, surface scattering may become
the dominant factor. This condition is fulfilled for the studied films with
d ≈ 10 nm < λe,Ag ≈ 50 nm. Finally scattering at grain boundaries lowers
the conductivity.
In the previous chapter, the growth of zinc oxide single layers has been
studied. The film properties were shown to depend strongly on the deposi-
tion conditions of these films. For the deposition of the silver films another
concept is applied. The properties of the silver films are modified by chang-
ing the properties of a buffer layer, which was introduced between the silver
film and the substrate, while keeping the deposition conditions for the sil-
ver films constant. In particular, the nominal thickness of the silver film
of d = 12nm is identical for all samples with variations lower than 5%.
It was found that a zinc oxide buffer leads to an increased conductivity of
the silver film (Fig. 5.1(a)). This increased conductivity is also seen in mid-
infrared reflectance spectra (Fig. 5.1(b)). The effect of resistance reduction
starts as soon as a continuous buffer film is formed (Fig. 5.2). At a thickness
of ≈ 60 nm, a minimum in the sheet resistance is observed. The following
increase with film thickness is most likely due to the increased roughness
of thicker films (Fig. 4.6). It is important to note that although these zinc
67
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(b) Reflectance of silver films deposited on different buffer layers
(SnO2, Bi2O3, ZnO, and none) in the mid infrared.
Figure 5.1: Influence of buffer layers on the sheet resistance and reflectance
of silver films. The best results are obtained when using a zinc oxide buffer.
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Figure 5.2: Sheet resistance R of the silver films upon variation of the
thickness of the buffer layer, as estimated from deposition time and a rate
determined in an earlier experiment ∆r/r = 10%. A broad minimum is
observed around 50 nm.
oxide films were doped with aluminum, their conductivity was negligible
(R > kΩ). For silver films deposited on zinc oxide films of approximately
30 nm, which is within the optimal thickness range of 20 nm to 100 nm, it is
expected that their conductivity changes with the deposition conditions of
the zinc oxide films. As shown in the previous chapter, the properties of zinc
oxide films strongly depend on the deposition parameters, in particular the
total pressure during deposition. Therefore a strong dependence of the sheet
resistance upon total pressure can be expected (Fig. 5.3(a)), but only a mi-
nor influence of the oxygen flow (Fig. 5.3(b)). As can be seen in Fig. 5.4, the
surface roughness and morphology (Fig. 5.5) of the silver films is not strongly
influenced by the total pressure during deposition of the zinc oxide. At the
same time, there is a pronounced dependence of the sheet resistance. This
indicates that surface scattering is not the most important contribution to
the resistance of the silver films. In the previous chapter it had been shown
that the texture of the zinc oxide films is one of the most profoundly changed
properties upon pressure variation. Therefore, it is reasonable to study the
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(a) Variation of R with changing ptot during ZnO deposition.
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(b) Variation of R with changing qO2 during ZnO deposition.
Figure 5.3: The influence of the total pressure on sheet resistance is much
more pronounced than that of the oxygen flow.
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Figure 5.4: At constant oxygen flow qO2 = 10 sccm variation of the total
pressure leads to strong changes in sheet resistance R, while the surface
roughness σrmsincreases only slightly.
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(a) Buffer layer prepared at 0.55Pa (b) Buffer layer prepared at 1.5Pa
Figure 5.5: By AFM measurements no difference can be seen for silver films
deposited on zinc oxide sputtered at different pressures.
texture of the silver films as well.
To represent the texture of a film it is sufficient to use the integral intensity
of one peak only
It can be seen that all of the investigated silver films exhibit (111) tex-
ture. This is to be expected, as for fcc materials the (111) face has the
lowest surface energy. Nevertheless, if the films are deposited on zinc ox-
ide films prepared at low pressures, the texture of the silver films is much
more pronounced (Fig. 5.6(a)). Simultaneously the sheet resistance decreases
(Fig. 5.6(b)). Another parameter which has been varied is the inert gas dur-
ing deposition of the buffer layer. Argon has partially been replaced by
helium, neon and xenon. From Fig. 5.7 it can be seen that adding neon leads
to a small decrease in deposition rate and roughness of the silver layer, but
no clear trend in sheet resistance. Also with xenon, no systematic changes
can be observed (Fig. 5.8(b)). A replacement by helium on the other hand
leads to a small, but significant increase in resistivity (Fig. 5.8(a)).
A strong correlation between the texture of the zinc oxide films, as repre-
sented by the integral intensity of the (002) peak and the texture of the silver
films shown by the (111) peak is observed (Fig. 5.9(a)). As seen in Fig. 5.6(b),
improved silver texture leads to a lower sheet resistance (Fig. 5.9(b)).
A correlation between texture and resistivity of a film suggests that the
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(b) Variation of R with silver texture.
Figure 5.6: Correlation between deposition conditions of the buffer layer,
silver texture and sheet resistance.
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Figure 5.7: Variation of deposition rate of the zinc oxide films, surface rough-
ness of the silver films and their sheet resistance upon replacing argon by
neon.
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Figure 5.8: Variation of the sheet resistance of the silver films upon exchang-
ing argon by another noble gas during deposition of the zinc oxide film.
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Figure 5.9: Correlation between zinc oxide texture, silver texture and sheet
resistance.
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Figure 5.10: Electron concentration ne and mobility µe as a function of gas
composition. While the mobility is strongly influenced, the carrier concen-
tration remains constant.
scattering at the grain boundaries is the predominant mechanism. For an ar-
bitrary alignment of the grains, the electrons are scattered in all directions.
If, however, all grains aligned in [111] direction, the periodicity is no longer
disturbed in z-direction. Thus, scattering should be limited to the xy-plane.
By this mechanism, the total scattering cross section at the grain boundary
should be reduced, leading to an increased electron mobility. This is actually
observed when the dielectric function of the silver is determined by fitting
transmittance and ellipsometry spectra (Fig. 5.11), and electron concentra-
tion ne and mobility µe are calculated from the Drude parameters (Fig. 5.10).
The observed correlation between texture and resistivity of silver films is not
limited to a specific deposition system. Samples prepared with a large scale
in-line coater show the same reduction of sheet resistance with improved tex-
ture. No other difference between these samples was found (Fig. 5.12). For
the formation of highly conductive silver films it is necessary to achieve a
good texture. A buffer layer with the right properties has to be provided.
The strong correlation between the texture of both films indicates that silver
grows in an epitaxy like mode. In table 5.1 the lattice mismatch between
the silver (111) plane and other fitting crystal faces is given. The difference
to zinc oxide (001) is approximately 12%, which is rather high for epitaxial
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79
20 30 40 50 60 70 80
1
10
100
1000
Zn
O 
(10
3)
Ag
 
(22
0)
Zn
O 
(00
4)Ag
 
(11
1)
Zn
O 
(00
2)
 
 
int
en
sit
y  
[ c
ts
.
 
]
2θ  [ ° ]
 Normal θ−2θ
 Grazing incidence, 0.75°
Figure 5.12: XRD patterns of low-E coatings prepared at a production in-
line coater [55]. The black lines correspond to a sample with R = 4.2Ω,
the grey ones correspond to R = 3.9Ω.
relationship, but not unreasonable. In addition, it is slightly reduced by the
high residual strain of the zinc oxide film, which might also help promoting
the textured growth of silver.
However, other materials show better agreement. Magnesia would be
an extremely good choice, if it could be produced in crystalline form at a
sufficiently high rate. Also it has to grow textured, which is not necessarily
the case, as for cubic structures the anisotropy in the surface free energy is
typically much lower than for wurtzite type crystals. Perfect matching could
be achieved by BxAl1−xN and BexZn1−xO compounds. As beryllium is toxic,
the question for the remaining BxAl1−xN is if it can be grown in crystalline
form by sputter deposition. Alternatively, a second buffer layer of MgO could
be introduced between ZnO and silver.
Summary
While in the previous chapter film properties were directly modified by vari-
ation of the deposition parameters, the silver films studied in the present
chapter were deposited under identical conditions. However, by altering the
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Material Plane Mismatch
ZnO (001) +12.0%
AlN (001) +7.6%
SiC(6h) (001) +6.6%
BeO (001) -6.6%
BN (001) -13.4%
MgO (111) +3.2%
SrTiO3 (111) -4.6%
B0.35Al0.65N (001) 0
Be0.65Zn0.35O (001) 0
Table 5.1: Different materials and crystal faces with low mismatch of the
atomic distances within the respective plane to the Ag(111) plane.
properties of the buffer layer, the texture of the silver films as well as their
resistivity change considerably, and a reciprocal relation between these prop-
erties can be observed. For the the films with more grain oriented in parallel,
scattering at the grain boundaries is reduced. The higher degree of order is
imposed on the silver films by the texture of the underlying zinc oxide buffer.
This is possible due to the relatively small misfit between the lattice param-
eters of the Ag (111) and the ZnO (001) planes leading to a quasi-epitaxial
relation.
The texture of the films
In the case of a zinc oxide buffer layer,
Chapter 6
Simulating reactive sputtering
Simulating the reactive sputter deposition is a very demanding task, since
many different processes, which are often nonlinear, have to be considered.
Ions of different species are generated in a glow discharge, and then ac-
celerated towards the target through the ambient gas atmosphere. Upon
impinging on the target, sputtered atoms, dimers and clusters, as well as
secondary ions and electrons are detached. These now partially interact
with the plasma before travelling through the ambient atmosphere, where
they can collide with neutral atoms and molecules. In these collisions chem-
ical reactions as well as energy and charge transfer are possible. Only after
this marathon race do the particles from the target reach the substrate and
form the growing film. Even worse, some of the described effects can not be
separated easily. For this reason no model describing the complete process
has been proposed so far. In the present work, however, some steps are made
towards a full description.
6.1 Glow discharge
The glow discharge, which produces the ions necessary for sputtering, has
been investigated in a number of previous studies, for example by full nu-
merical simulations [56, 57]. While a good agreement between experiment
and simulation could be achieved by numerical calculations for the electron
and ion density, this method is not well suited for integration into a model
describing the complete deposition process, since it is too slow. For this pur-
pose an analytical model, like the one proposed by Maniv, Westwood and
81
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Figure 6.1: Changes in the voltage upon variation of sputter current and
total pressure for a titanium target at 900mA discharge current in metallic
mode. Lines denote best fits to Eqn. (6.2).
Scanlon [58, 59, 60], would be preferrable. In their model the dependence of
the current on cathode potential and pressure takes the form [59]
I = C∗∗(p− p0)(V − V0)2/3 (6.1)
with the pressure p, the voltage U and the constants C∗∗, p0 and U0. The
corresponding measurements at our deposition system are shown in Fig. 6.1 as
well as fits to Eqn.(6.1). Both pressure and current dependence are described
well with values of p0 = 0.28±0.03Pa and U0 = 194±2V. So far only one type
of gas has been considered. In reactive sputter deposition, however, typically
two gases are used: One inert gas, most often Argon, and the reactive gas,
which is most frequently oxygen. Since the constant C in Eqn. 6.1 depends
on the ionization cross section, a variation of the cathode potential with the
ionization cross section σ can be expected according to U ∝ σ−1 with a
proportionality constant C∗ , and therefore
I = C∗
(
pAr/σAr + pO2/σO
ptot/σAr
)
(ptot − p0)(V − V0)2/3. (6.2)
The ionization cross section σAr in the denominator of Eqn.6.2 has been
added for normalization. In Fig. 6.2 the variation of the voltage with oxygen
content of the sputter gas is shown. A linear behavior is observed, with
the experimentally determined ratio σO/σAr = 1.39, which is slightly lower
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Figure 6.2: Changes in the voltage upon variation of oxygen partial pressure.
A titanium target in compound mode was used. The fit to Eqn. (6.2) is
represented by the solid line.
than the value of σO/σAr = 1.57 expected from the literature values for σ at
400 eV[61]. This deviation is hardly surprising when considering that σO is
only listed for atomic oxygen.
6.1.1 Secondary electrons
In the previous section, where the discharge conditions were discussed, only
the gas phase was considered. In addition to the described effects, secondary
electron emission from the target is important. These secondary electrons
help keeping up the discharge, and consequently lower the voltage necessary
to maintain the discharge. At the same time the electron current Ie− reduces
the ion current Iion by contributing to a given total current through the target
Itot.
Itot = Iion + Ie− (6.3)
Since the electron current Ie− is related to the ion current by the secondary
electron yield γ by
Ie− = γIion, (6.4)
the ion current at the target is given by
Iion =
1
1 + γ
Itot. (6.5)
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A simple argument for the influence of the secondary electrons on the voltage
can be derived by assuming an Ohmic resistance for the plasma, where U =
RI. The resistance is generally inversely proportional to the carrier density
n. Here the electron density is increased by γI, and therefore the voltage
should behave according to
U = U0
1
1 + γ
. (6.6)
This type of behavior has been used by Matsuda [62], for example. However,
when plotting the observed voltage versus 1/(1 + γ) for different metals,
where γ is known, a much more pronounced dependence on the secondary
electron yield is observed (Fig. 6.3(a)) [63, 64, 65, 66]. This could be an effect
of the magnetron, where the emitted secondary electrons are trapped in a
magnetic field, and can ionize gas atoms, generate additional free electrons,
and, therefore, multiply the voltage lowering effect. According to Maniv [59],
the voltage depends on γ like
U = U0
(
[ln(1 + 1/γ)]2
1 + γ
)2/3
. (6.7)
However, this equation does not describe the observed data very well. In
addition, the voltage is divergent for γ → 0
lim
γ→0
U =∞. (6.8)
By this equation, a discharge would not be possible without secondary elec-
trons from the target. As this is clearly not the case, as can be seen in rf
discharges, for example, another ad-hoc assumption has been made. An ex-
ponential decay has been chosen, since this is the simplest function that is
finite at zero and vanishes for infinite arguments.
A particularly strong influence on the secondary electron yield should
be observed upon oxidation of the target. In a simple picture γ should be
higher for oxides, since no mirror charges have to be separated and therefore
the work function φ should be lower. As a consequence, the voltage should
drop when switching from metallic mode sputtering to compound mode.
The experimentally observed voltage change ∆U , however, varies widely in
amplitude and sign for different materials1. Nevertheless, a roughly linear
1Since values of γ for the interaction of oxides with low energy ions are generally not
know, comparison with literature is not possible. Therefore the discussion is limited to
∆U
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of the target’s secondary electron yield.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-150
-100
-50
0
50
100
150
200
250
300
350
TiO2
HfO2
Nb2O5
Ta2O5
SnO2
MoO3
WO3
ZnO
Al2O3
Bi2O3
V2O5
PbO2
Fe2O3
ZrO2
MgO
 
 
∆ 
U 
 
[  V
 
]
ratio  O / Me
(b) Difference between sputter voltage in
metallic and compound mode for differ-
ent metal oxides. Oxides where different
stoichiometries are possible are marked by
hexagons.
Figure 6.3: Cathode potential under different conditions.
correlation between the voltage change and the oxygen to metal ratio in the
oxide is evident (Fig. 6.3(b)). For a few compounds it is not possible to state
the actual stoichiometry of the oxide formed, since different phases exist at
room temperature. Only these oxides deviate from the linear relation, when
the most stable oxidation state is assumed. It is interesting to note that
the conductivity of the oxide has no major effect on the voltage (compare
MgO/ZnO and ZrO2/SnO2). According to Hagstrum and Hofer [67, 68],
Auger processes should be dominant for secondary electron emission in the
relevant energy range of a few hundred eV. Therefore the electron emis-
sion is governed by the electronic structure of both the impinging ion and
the target material. While Auger emission has been studied extensively for
metals, only few reports on dielectrics exist. Thus the observed correlation
between stoichiometry and secondary electron yield can not be explained in
terms of an established theory. Possibly the presence of oxygen disturbs the
Auger transitions simply by reducing the area density of metal atoms, or by
capturing the ejected electron, which typically has an energy of a few eV
only.
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6.2 TRIM simulations
In the previous section the properties of the glow discharge were discussed.
Particular emphasis has been put on the influence of secondary electrons that
are emitted upon ion impact. For the sputter deposition the most important
effect of ion bombardment is the sputtering of atoms from the target, which
can be investigated by TRIM simulations [69]. This is ‘a Monte-Carlo calcu-
lation which follows the ion into the target, making detailed calculations of
the energy transferred to every target atom collision. It will calculate both
the final 3D distribution of the ions and also all kinetic phenomena associ-
ated with the ion’s energy loss: target damage, sputtering, ionization, and
phonon production. All target atom cascades in the target are followed in
detail.’ [70]
For sputter deposition, the most relevant property that can be derived
from such calculations is the sputter yield Y , which is the number of sputtered
atoms per impinging ion. From Fig. 6.4 it can be seen that below an energy
of 3 keV of the incident ion, the sputter yield increases with energy. For
higher ion energies Y remains constant. The number of vacancies produced
increases with the ion energy, but simultaneously the penetration depth of the
ion increases, too. Consequently, the atoms removed from their positions are
less likely to reach the surface. For sufficiently high energy both processes
are almost proportional to the ion energy and therefore compensate each
other. As a consequence the sputter yield remains constant. The variation
with ion energy in the low energy regime is shown in Fig. 6.5 for zinc oxide.
The increase of the sputter yield can be described by
Y = Y0(E − E0)2/3. (6.9)
The sputter yield does not only depend on the energy of the incident ion,
but also on its mass. This is depicted in Fig. 6.6 for zinc oxide and an ion
energy of 500 eV.
In Fig. 6.7 the sputter yield of elemental targets is depicted as a function
of the mass of the target atoms. Only elements with a boiling point above
400K have been considered. According to [71] the sputter yield varies with
the surface binding energy Usb according to
Y ∝ U−1.3sb . (6.10)
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Figure 6.4: Sputter yield, ion range in target and number of vacancies created
as a function of energy, as calculated by TRIM for zinc at normal incidence
of Ar+ ions.
Figure 6.5: Sputter yield of ZnO as a function of energy, as calculated by
TRIM for normal incidence. The solid line is fitted to the data points by
Y = Y0(E − E0)2/3
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Figure 6.6: Dependence of the sputter yield on the mass of the incident ion.
Some periodic trends in the sputter yield can be observed. For the transition
metals, Y increases with the filling of the d-band. In contrast, for the main
group elements the sputter yield decreases with the p-band filling. Within
the lanthanides the sputter yield first increases until the f-band is half full,
then drops down sharply, and increases again until the f-band is filled.
The number and energy of reflected ions 2 shows a much less pronounced
structure. For target masses greater than that of the impinging ion, both
fraction and energy of the reflected neutrals increases almost linearly. Small
deviations occur for the 5d and 4f metals only.
The results of the simulation have been compared with the experimentally
determined [71] sputter yields (Fig. 6.8). In general, there is good agreement
between the calculated and the experimental values. Only at high atomic
numbers, a systematic variation towards lower yields in the simulations can
be seen. For low atomic numbers, only single elements deviate. This might
be due to the typically large uncertainty of about 20% in the experiment.
While for elemental targets the experimental yields could be reproduced,
the treatment of compounds is more difficult. Typically neither Y nor Usb is
known. Therefore the surface binding energy can only be estimated, and the
resulting sputter yields should only be seen as a guideline. However, general
trends can be reproduced by the theory (Tab.6.1) [63, 64, 65, 66].
2Typically discharged upon impact on the target.
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Figure 6.7: Results of TRIM calculations for elemental targets. (Ar+-ions,
500 eV, normal incidence.)
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Figure 6.8: Comparison between calculated and experimentally determined
sputter yields [71].
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Ti V (Cr)∗ Zn
YMe 0.52 0.65 1.18 4.18
rMe 0.37 0.8 — 2.6
YMeO 0.23 0.16 — 1.81
rMeO 0.13 0.4 — 0.19
YMeN 0.41 0.45 — —
rMeN 0.16 — — —
Zr Nb Mo (Cd)∗
YMe 0.64 0.65 0.95 4.0
rMe 0.83 0.79 0.86 —
YMeO 0.24 0.21 0.18 —
rMeO 0.11 0.33 0.77 —
YMeN 0.42 0.42 — —
rMeN 0.31 0.31 — —
Hf Ta W (Hg)∗∗
YMe 0.92 0.91 0.97 —
rMe 1.0 0.5 0.88 —
YMeO 0.31 0.20 0.15 —
rMeO 0.15 0.18 0.15 —
YMeN 0.60 0.50 — —
rMeN 0.37 — — —
Table 6.1: Sputter yield for different metals, metal oxides and nitrides ob-
tained from TRIM calculations. Deposition rates r are normalized to a sput-
ter current of 500mA, and are given in nm/s.
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6.3 Berg’s model
Most approaches of modelling the reactive sputter deposition process are
based upon the principles introduced by Berg and Larsson [72, 73]. In this
model the material fluxes of metal and reactive gas are analyzed. From
the resulting rate equations the variation of partial pressure, deposition rate
and film stoichiometry with reactive gas flow rate can be calculated for a
given ion current. This is particularly important, as many materials show a
pronounced hysteresis behavior upon increasing and decreasing reactive gas
flow (Fig. 6.9). Therefore the flow rate is generally not a good parameter to
describe process conditions.
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Figure 6.9: Zirconium shows pronounced hysteresis effects when being reac-
tively sputtered.
In a first step, the connection between reactive gas pressure and flow rate
is made. Of the oxygen flow qO2 into the chamber, a part qp is removed
again by the vacuum pump, while qt and qc are gettered by the metallic
target surface and the chamber walls including the substrates (see Fig. 6.10).
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Figure 6.10: The total oxygen flow rate is divided into three parts, which are
gettered by the surface of the target, the chamber walls and the pump.
As no oxygen is lost, qO2 = qt+qc+qp holds. The flow rate through the pump
qp = FO2Ap only depends on the flux of oxygen molecules FO2 entering the
pumping volume through an aperture of the area Ap. While FO2 depends on
the oxygen partial pressure by
FO2 =
pO2√
2pikBTmO2
, (6.11)
Ap is constant. Of the target and chamber surfaces the parts θt and θc are
already oxidized and cannot getter any additional oxygen. Therefore the flow
rates of oxygen gettered at target and chamber walls are
qt = (1− θt)AtFO2
and
qc = (1− θc)AcFO2 ,
respectively. This yields
qO2 = (1− θt)AtFO2 + (1− θc)AcFO2 + FO2Ap (6.12)
for the relation between oxygen flow and partial pressure.
Now the target coverage with oxygen has to be determined. The change
in the concentration of oxygen atoms at the target surface is
∂
∂t
(nDθt) = 2αFO2(1− θt)− FMeOD, (6.13)
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where the stable stoichiometry of the Oxide is MeOD, n is the concentration
of metal atoms, α the sticking probability of oxygen on the metal and FMeO
the flux of metal oxide removed by sputtering, which depends on the ion
current density j and the sputter yield for the oxide YMeO
FMeO = jYMeOθt.
Inserting this into (6.13) yields
∂
∂t
(nDθt) = 2αFO2(1− θt)− jYMeOθt, (6.14)
which becomes zero in the steady state. Therefore the target coverage is
θt =
2αFO2
2αFO2 + jYMeO
. (6.15)
Similarly, the coverage of the chamber walls can be derived from
∂
∂t
(nDθc) = 2αFO2(1− θc) + FMeOD
At
Ac
(1− θc)− FMeDAt
Ac
θc, (6.16)
where the flux of sputtered metal is
FMe = jYMe(1− θt)
with the sputter yield for the metal YMe. The time derivative vanishes in the
steady state, so (6.16) becomes
0 = 2αFO2(1− θc) + jYMeOθtD
At
Ac
(1− θc)− jYMe(1− θt)At
Ac
Dθc. (6.17)
Solving for θc yields
θc =
2αFO2 + jYMeOθtD
At
Ac
2αFO2 + jYMeOθtD
At
Ac
+ jYMe(1− θt)
. (6.18)
The mass deposition rate rm simply is the sum of the fluxes weighted by the
respective masses:
rm = 2αFO2(1− θc)mO + FMe
At
Ac
mMe + FMeO
At
Ac
mMeO (6.19)
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= 2αFO2(1−θc)mO+jYMe(1−θt)
At
Ac
mMe+jYMeOθt
At
Ac
(mMe+DmO) (6.20)
Analogously, the stoichiometry of the film is given as the number of arriving
oxygen atoms divided by the total number of arriving atoms.
x =
2αFO2(1− θc)
FMeO + FMe
(6.21)
From equations (6.20) and (6.21) it can be seen that rate and stoichiometry
depend on the material constants YMe and YMeO, the geometrical properties
of the deposition chamber and the target, i. e.At/Ac and on the process
parameters j and FO2 ∝ pO2.
6.4 Extension for two reactive gases
This model has been successfully applied to various experiments [74, 12],
adapted to new problems like deposition from alloy targets [75] and refined
by including plasma chemistry [76], the behavior of the cathode potential
[62] and realistic pressure distributions [18]. While previously a model for
the sputter deposition was described with oxygen as a reactive gas, the same
formalism can easily be applied to other reactive gases, such as nitrogen.
More demanding in this regard is the application of two reactive gases, such
as during deposition of oxy-nitride films.
When describing the target state, it is necessary to introduce a separate
coverage for each gas θOt and θ
N
t as well as different sticking coefficients α
O
Me
and αNMe. In addition, replacement coefficients α
O
MeN and α
N
MeO have to be
considered, which describe the reaction of the metal nitride with oxygen and
of the oxide with nitrogen, respectively.
∂
∂t
(nDOθOt ) = 2α
O
MeFO2(1− θOt − θNt ) (6.22)
+2αOMeNθ
N
t FO2 − FMeO
∂
∂t
(nDNθNt ) = 2α
N
MeFN2(1− θOt − θNt ) (6.23)
+2αNMeOθ
O
t FN2 − FMeN
Since the formation of oxides is generally much more favorable than that of
nitrides,
αNMeO = 0
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will be assumed. Solving of the equations (6.22) and (6.23) for the steady
state yields
θ˜Nt =
2αNMeFN2
2αNMeFN2 + FMeN
(6.24)
θNt = θ˜
N
t (1− θOt ) (6.25)
θOt =
2αOMeFO2 + 2(α
O
MeN − αOMe)FO2 θ˜Nt
2αOMeFO2 + 2(α
O
MeN − αOMe)FO2 θ˜Nt + FMeO
(6.26)
with the abbreviation θ˜Nt for the nitride coverage the target would acquire
in the absence of oxygen. Similar to (6.16), the wall coverage can be written
as
∂
∂t
(nDOθOc ) = 2α
O
MeFO2(1− θOc − θNc ) + 2αOMeNFO2θNc (6.27)
+FMeOD
OAt
Ac
(1− θOc )− (FMe + FMeN)DO
At
Ac
θOc
∂
∂t
(nDNθNc ) = 2α
N
MeFN2(1− θOc − θNc ) + FMeNDN
At
Ac
(1− θNc ) (6.28)
−(FMe + FMeO)DNAt
Ac
θNc
with the steady state solution
θOc =
2αOMeFO2 +D
OF˜MeO + 2(α
O
MeN − αOMe)FO2 θ˜Nc
2αOMeFO2 +D
OF˜MeO +DOF˜MeN +DOF˜Me + F˜ ∗
(6.29)
θNc =
2αNMeFN2(1− θOc ) +DNF˜MeN
2αNMeFN2 +D
NF˜MeN +DNF˜MeO +DNF˜Me
(6.30)
using the abbreviations
F˜i = Fi
At
Ac
(6.31)
F˜ ∗ =
4αNMeFN2(α
O
MeN − αOMe)FO2
2αNMeFN2 +D
NF˜MeN +DNF˜MeO +DNF˜Me
(6.32)
θ˜Nc =
2αNMeFN2 +D
NF˜MeN
2αNMeFN2 +D
NF˜MeN +DNF˜MeO +DNF˜Me
(6.33)
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The mass deposition rate and the stoichiometry are in full analogy to Eqns.
(6.20) and (6.21)
rm = 2α
O
MeFO2(1− θOc − θNc )mO + 2αNMeFN2(1− θOc − θNc )mN (6.34)
+2αOMeNFO2θ
N
c mO
+
(
FMemMe + FMeO(mMe +D
OmO) + FMeN(mMe +D
NmN)
) At
Ac
xO =
2αOMeFO2(1− θOc − θNc ) + 2αOMeNFO2θNc +DoFMeOAtAc
(FMeO + FMeN + FMe)
At
Ac
(6.35)
xN =
2αNMeFN2(1− θOc − θNc ) +DnFMeNAtAc
(FMeO + FMeN + FMe)
At
Ac
(6.36)
(6.37)
6.5 Comparison with experiment
The model developed above, in connection with the voltage modelling and
the sputter yield for the metal calculated by TRIM, could successfully be
applied to the deposition of TiOx (Fig. 6.11) and TiOxNy(Fig. 6.12). For the
deposition of the oxide, the deviation in partial pressure is caused by the
distance between the target and the inlet of the quadrupole mass analyzer.
In Fig. 6.12 all curves are reproduced reasonably well. In particular, the
rate drop from nitrogen rich oxide to the nitride can be attributed to a
higher secondary electron emission of the nitride, leading to a lower voltage
and a reduced ion current. Also the stoichiometry change can be described
correctly. While the heat of formation is about three times higher for the
oxide than for the nitride, only roughly every tenth collision of an oxygen
atom with the nitride surface leads to a replacement reaction. This indicates
that the stoichiometry of the resulting film is governed to a large extent by
kinetics.
Summary
Berg’s model of the reactive sputter deposition was extended to the simul-
taneous use of two reactive gases. This modified model is able to describe
the measured mass deposition rate and the stoichiometry of oxy-nitride films.
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Figure 6.11: Simulated and measured values for the deposition of TiOx.
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Figure 6.12: Simulated and measured values for the deposition of TiNyOx.
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Additionally, the discharge voltage has been related to the secondary electron
yield of the target surface, and can therefore be simulated as well. Further-
more, the dependence of the sputter yield on ion energy and mass has been
taken into account. To obtain these relations, TRIM simulations were per-
formed.
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Chapter 7
Summary and outlook
In this work, several steps were taken towards a better understanding of the
reactive sputtering process. The existing deposition system was upgraded
with respect to pressure measurements. It was shown that for the deter-
mination of the total pressure during deposition a capacitance gauge is the
most appropriate device due to high accuracy and the independence on the
gas type. In addition to total pressure measurement, partial pressure analy-
sis was improved as well by installing a new quadrupole mass analyzer. The
gas inlet was constructed in such a way that residual gas analysis can be
performed reliably, but also allows the determination of the partial pressures
of the gases used while sputtering, even for the high total pressure necessary
in the preparation of tungsten oxide films for particular applications [64].
The properties of deposited films could be modified in two distinct ways.
The first approach is the variation of the deposition conditions. This concept
was applied to the deposition of zinc oxide films, where a strong correlation
between stress, surface roughness and texture of the films on one side and the
total pressure during deposition on the other was observed. This behavior
was related to the impact of energetic oxygen atoms.
In a second step, this assumption was verified by resputtering experi-
ments. In these experiments, films were prepared on substrates facing away
from the target. Thus, only particles scattered at atoms and molecules in
the ambient atmosphere can reach those substrates. Upon introducing mi-
croscope slides on the far side, a higher deposition rate is observed. This
difference decreases with increasing pressure. For sufficiently high pressure,
the difference vanishes. In this region, the deposition rate of directly de-
posited films can be described by the Keller-Simmons relation. The films
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are comparably rough with low stress and weak texture. In the low pressure
range, however, films are smooth and exhibit high stresses and strong orien-
tation. This pronounced texture is caused by selective etching of the growing
film. The deposition rate is lower than expected from Keller-Simmons, and
actually decreases with increasing pressure. At the same time, the resput-
tered atoms lead to an increased deposition rate of the indirectly deposited
films.
A completely different approach was used for the optimization of the
conductivity of thin silver films. It could be shown that the sheet resistance
of these films is strongly correlated to their texture. Highly oriented films
have an increased electron mobility, and therefore higher conductivity. The
necessary texture can be obtained by deposition of silver on top of zinc oxide.
The orientation of the silver grains is determined by the orientation of the
zinc oxide grains because of a low lattice mismatch between the silver (111)
and zinc oxide (0001) plane.
With this correlation between the properties of the silver and the zinc
oxide films on the one hand and the relations between the properties of the
zinc oxide films and the deposition parameters on the other hand, it was
possible to deposit films with strongly improved conductivity.
In order to make predictions of film properties possible, simulations have
been performed. Existing models describe reactive gas partial pressure, de-
position rate and resulting film stoichiometry as a function of the reactive gas
flow. These models have been extended by including the cathode potential
as a simulated parameter. The related material properties are the ionization
cross sections of the gas atoms and the secondary electron yield of the target
material. Another important parameter in these simulations is the sputter
yield. This property has been determined for a large number of materials
by TRIM calculations. Also, the dependence of the yield on ion mass and
energy has been examined. Finally, the model for the sputter deposition
process has been extended for the use of two reactive gases. Applying this
model to the deposition of titanium oxy-nitrides shows that, for example, the
film stoichiometry is not governed by thermodynamics only, but that kinetics
have a significant impact as well.
Still, additional work has to be done in order to describe the reactive
sputter deposition process in full detail. Based on the observations in zinc
oxide deposition, it seems important to include the creation of negative ions
at the target and their scattering in the gas phase into the model to describe
resputtering. Furthermore, a description of the ion bombardment should
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enable the simulation of substrate heating and stress formation. As shown
for zinc oxide, the bombardment with energetic particles has also a strong
impact on the structure formation of the growing film. In addition, it might
be necessary to model the plasma chemistry as well for the prediction of the
resulting film structure.
This model contains quite a number of free parameters. Therefore, it
would be desirable to calculate those parameters from first first principles.
The surface binding energy, for example, could possibly be determined by
density functional theory calculations. Similarly, independent estimates for
the secondary electron and ion yield, in particular for negative ions, would
be very advantageous.
The bombardment of the growing films with these negative oxygen ions
has been used to explain the correlation between deposition conditions and
film properties. While convincing evidence was provided by the resputtering
experiments, ion current measurement should be performed for unequivocal
proof.
The other concept for tailoring film properties relied on an epitaxy like
relation between zinc oxide and silver. A number of materials has been
proposed that could be used instead of zinc oxide, where experiments still
have to be performed. Also, using different metals could lead to a deeper
insight into the growth mechanisms of thin films.
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Appendix A
Simulation programm
Based on the theoretical considerations presented in chapter 6, a computer
program has been realized in the LabView environment for the simulation of
the sputter deposition process. User interface and source code are shown in
Fig.A.1 and Fig.A.2, respectively. In table A.1, the parameters obtained for
the deposition of titanium oxy-nitride are given.
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Figure A.1: User interface of the simulation programm.
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Figure A.2: Source code of the simulation programm.
YMe YMeO YMeN γMe γMeO γMeN α
O
Me α
N
Me α
O
MeN
0.52 0.018 0.09 0.12 0.10 0.12 1 1 0.095
Table A.1: Fit parameters for the deposition of titanium oxy-nitride.
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